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The decomposition behavior of several mining reagents (i.e., xanthate, dithiocarbamate, 
dithiophosphate and dithiophosphinate) used widely in mineral processing operations was 
studied. Decomposition has been reported to generate toxic compounds such as CS2 (carbon 
disulfide) and COS (carbonyl sulfide), causing severe concerns to SHE (safety, health and 
environment). With the global trend of becoming sustainable/green and the increasingly strict 
regulations, the mining industry is facing an unprecedented pressure to handle the problematic 
reagents that can lead to the adverse impacts. Unfortunately, the interests of the prior research 
are biased on the performance of the reagents to optimize the efficiency and lower the cost, while 
the examination of the decomposition behavior is almost neglected. Under the circumstance of 
poor endeavor found in the prior investigations, the knowledge gap awaits to be filled in a 
systematic and integrated manner to recommend countermeasures for those problematic reagents. 
It can be seen from those fragmented studies collected from literature that only a limited 
understanding of thermal or aqueous decomposition behavior is achieved. It is far from sufficient 
for industrial guidance of mitigation. One key reason is the lack of robust methods to investigate 
decomposition under various conditions that are interesting to the mining companies (e.g., the 
flotation conditions). Consequently, the method development has always been considered of the 
utmost importance upon the start of this work to align with our overall goal of understanding the 
decomposition behavior under the various conditions.  
 
 
Three methods under a consistent strategy were designed to examine the decomposition 
under three conditions from Simple (in aqueous solutions alone), to Complex (in ore pulp under 
flotation conditions), to Specific (in solution containing metal ions). These three conditions were 
chosen based on the general interests from several prominent mining companies (Vale, Barrick, 
Freeport McMoRan and Newmont) to understand the decomposition mechanism and kinetics. 
The Simple is to serve as control for all other conditions. Besides, most of the prior studies in the 
literature are only conducted for the Simple condition. Therefore, the Simple is to resolve all 
discrepancies and conflicts, and provide a relatively comprehensive summary of the 
decomposition under the control condition. The Complex puts decomposition in a new 
environment that has never been explored before: the ore pulp under the simulated batch 
flotation conditions. Conclusions drawn from this part provide the most practical guidance for 
industrial mitigation. The Specific goes after the Complex to thoroughly understand the effect of 
a specific factor on decomposition. The decomposition responding to the variation of a certain 
factor is followed within a closed system with the compositional changes measured in all phases. 
The integrated analysis enables the correlation of the decomposition behavior to its original 
causes, which are the interactions of the reagent with other components in the system. 
Through the systematic investigation of decomposition of various reagents under various 
conditions, it is concluded that decomposition depends heavily on those parallel or sequential 
interactions that occur along with the decomposition reaction. For example, the decomposition 
reaction of xanthate throughout our entire study is regarded as ROCS2
− → CS2. When xanthate 
forms xanthic acid, monothiocarbanate or dixanthogen with the change of pH, its breakup into 
CS2 is altered. When xanthate interacts with Cu
2+ 
forming Cu2X2, decomposition is depressed, 
but with Fe
3+
 forming FeX3 decomposition is promoted. The CS2 generated from decomposition 
 
 
could interact with OH
-
 to form CS3
2-
 or dissolve in solution or adsorb on minerals, leading to the 
decrease of CS2 detected. The bonding properties between the –CS2 moiety and other atoms or 
radicals in the molecule affect the stability of the reagents and the subsequent decomposition. 
The necessity to include a list of the side-interactions as complete as possible is key to 
understand and predict the decomposition behavior. 
With experimental efforts taken to develop methodologies to measure the decomposition 
under various conditions, the attempt to model the decomposition behavior is also initiated in 
this work. Based on the conclusions from experimental results, major components determining 
the output of the final decomposition products are identified. Unsurprisingly, the decomposition 
reaction together with its parallel and sequential interactions is critical. Simulation using Matlab 
to assess the decomposition of a simplified system containing SIBX and Cu
2+
 ions has achieved 
preliminary success by matching well with the experimental measurements. This establishes the 
groundwork for furthering the simulation of more complex systems and model development. 
Reagents decompose differently, although they might be applied to function similarly 
during an operation. As flotation collectors used for sulfide ore beneficiation, dithiocarbamate 
and xanthate possess some similarities in the decomposition in terms of generating CS2. Their 
decomposition also decreases with the chain length. On the other hand, the decomposition of 
dithiophosphate and dithiophosphinate are different as the breakup of the molecule is mainly at 
their alkyl chain to generate moieties such as olefins.  
Compared to the studies carried out to understand the performance of the reagents when 
being used, research on decomposition requires more attention. Therefore, derivative work can 
be conducted based on results achieved in this work. For example, it is useful to further examine 
 
 
how reagents decompose after adsorbing on the mineral surfaces. It complements the knowledge 
to thoroughly understand decomposition at different spots within a complex system. 
The chemical fate studies of mining reagents with respect to the understanding the 
decomposition open up the window of developing methodologies to examine adverse behaviors. 
The experimental setups are applicable to simulate various conditions under which the reagent is 
being used and generating the adverse impacts. The strategy of analyzing decomposition within a 
complex system as shown in this study also provides insight into systematically investigating the 
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Chapter 1 Introduction 
 
Regarded as the second largest industry all over the world subsequent to the agriculture, 
the mineral processing industry possesses an equal importance, mirroring and representing a 
significant portion of the evolution of the historical and diversifying human civilization [1-3]. 
Besides pursuing the optimal metallurgical performances and maximization of economic profits, 
mining companies nowadays are facing unprecedented pressures from the perspectives of cost, 
safety, health and environment [4]. The list of the pressures (not necessarily exhaustive) includes: 
conservation of resources, excessive water and energy consumption, water contamination, waste 
reduction and remediation, environmental impact, safety and health risks [5]. Neither previously 
existing solutions nor methods from other industries can be applied to handle these pressures and 
challenges. Going green or sustainable has become a necessity recently, and has been accepted 
by companies to address the challenges while achieving the metallurgical and economic goals.  
Reagents play a key role in many industries in terms of controlling the efficiency or 
performance of an industrial process or product. In the mining industry, the evolution history of 
the mining reagents mirrors the development of the entire industry [4, 6, 7]. Without mining 
reagents, many techniques such as flotation beneficiation may not be possible, not to mention the 
fact of realizing tremendous production of metal annually [1, 3]. Flotation is a complex process 
where mineral particles are mixed, suspended by strong agitation, and separated by attaching to 
air bubbles selectively. Surface property is the determinant factor as only hydrophobic particles 
can adsorb on bubbles which lift them to the top of flotation cell, leaving the hydrophilic gangue 
minerals at the bottom. Reagents are usually added to selectively render the valuable minerals 




Reagents play an essential role in every aspect of the entire industry, and they are also 
interconnecting with many other components within the industry. Reagents cannot be avoided of 
being criticized to be indirectly responsible for those pressures and challenges that the mining 
industry faces [4, 8]. For example, toxic reagents and/or their derivatives are emitted into the 
atmosphere and water, leading to the difficulty in treating and recycling the wastewater [9, 10].  
To become green or sustainable at least two mechanisms could be devised to handle the 
problematic reagents [6]. One is to find the mitigation/remediation measures to prevent or reduce 
the detrimental effects of the problematic behaviors. The other is to substitute those problematic 
reagents with environmentally-benign ones.  Either way, understanding the chemical fate of the 
problematic reagents is necessary, especially those adverse behaviors that could lead to serious 
impacts on the health and environment. Unfortunately, such information on fate is unavailable 
for most mining reagents. Thus, it is necessary to investigate such adverse behaviors [8].  
Of the numerous reagents used in the mineral processing industry, xanthate is widely 
known as a common collector for the flotation beneficiation of sulfide ores bearing Cu, Pb, Ni, 
Zn, and Mo as well as precious metals [1, 3, 4, 11, 12]. Xanthate is inexpensive but efficient [8, 
11]. Relatively more research has been conducted on xanthate than any other reagent with 
respect to the mechanism of interacting with various minerals [11, 13-16]. These studies provide 
a scientific basis to improve flotation performances such as recovery and grade. Nevertheless, 
one of its typical adverse behaviors, decomposition, has not been given sufficient attention albeit 
for other mining reagents there is even less research on their decomposition behavior [12]. 
Xanthate decomposition produces toxic compounds such as carbon disulfide for which the 
regulative permissible limit has dropped from 10ppm to 1ppm [9, 17]. It warrants immediate 




start with xanthate as a model reagent to develop methods to characterize decomposition under 
various conditions, such as control condition (e.g., in aqueous solutions) and the plant-related 
conditions (e.g., in ore pulp under flotation conditions). These methods will be applied to other 
reagents such as dithiocarbamate, dithiophosphate and dithiophosphinate to examine their 

















Chapter 2 Literature review, Knowledge Gap and Research Statement 
 
Chemical fate studies of mining reagents in the past were mostly on their interactions 
with minerals [5, 6, 14, 16] using techniques such as voltammetry [18-22], IR [23-34], Raman 
[35-39], XPS [15, 40-51], and SIMS [52-56]. Other behaviors (e.g., decomposition) have not 
been given sufficient attention. Decomposition is one of the adverse behaviors that have caused 
increasingly intense concerns [12]. In this study, decomposition is defined as the breakup of the 
molecule to pieces such as alkane, olefin, carbon disulfide, carbonyl sulfide and carbon dioxide. 
Exposure of the reagents (e.g., xanthate and dithiocarbamate) to heat, moisture and acid leads to 
the formation of the toxic carbon disulfide (CS2) readily. CS2 can easily reach very high vapor 
concentrations at room temperature, posing a high potential hazard in a work environment by 
causing damage to kidney, reproductive system, peripheral nervous system, liver, cardiovascular 
system, skin, eyes, and the central nervous system (CNS) [9, 17]. US and Canada have decreased 
the permissible limit of CS2 from 10ppm to 1ppm [17], which is one of major pressures exerted 
on mining companies to warrant a comprehensive understanding of the decomposition. Although 
prior studies on xanthate decomposition are relatively more than that on other reagents (this is 
similar to the case that xanthate has been examined more than any other mining reagent on the 
interaction with minerals [4, 57]), they are still far from sufficient. Among the studies, the 
methods employed were not adequate to allow the investigation of decomposition under various 
relevant conditions [12]. Therefore, xanthate can act as the model reagent to be investigated for 
its decomposition behavior properties, and then the methods developed for xanthate can be 




other mining reagents will be summarized below. The knowledge gap will then be identified. 
Last, the goal of research and the research novelty will be stated. 
 
2.1. Prior Studies on Xanthate Decomposition 
 
The past studies on xanthate decomposition investigated the effect of various factors such 
as the molecular structure [58-65], temperature [63, 66-71], salt and I.S. (Ionic Strength) [72-74], 
surfactant micelle [75, 76], atmosphere [77-79], pH [65, 72-74, 76-78, 80-103], metal ions [104-
108], activated carbon [109] and microorganisms [110-112]. Not all these factors are useful to 
industrial applications. Moreover, these factors were examined under conditions such as in a 
thermally controlled chamber [68-71] or aqueous solutions in the absence of minerals [99]. No 
studies examined conditions relevant to the flotation operation that mining companies are 
interested in. Therefore, findings from these past studies are of only limited practical value to the 
industrial applications.  
 
2.1.1. Control: Decomposition in Aqueous Solutions 
 
Decomposition in aqueous solutions alone is to serve as a control to that in the ore pulp 
under the froth flotation conditions. The majority of the published studies on xanthate 
decomposition are in aqueous solutions [99]. Under such idealized and simple condition, 
researchers generally applied a method called Stopped Flow Technique (SFT) for which Tornell 
has provided detailed description [59, 99, 100]. SFT uses UV-vis spectroscopy as the primary 




kinetics law and rate constants was evaluated based on the disappearance of xanthate as a 
function of time. This method suffers from several limitations. Firstly, decomposition products 
could not be identified and researchers had to assume that CS2 was the only product in the gas 
phase. Secondly, the UV-vis band assignments for xanthate and its relevant compounds (e.g., 
xanthic acid and dixanthogen) were not unanimously agreed upon and sometimes erroneous. 
Thirdly, SFT is not feasible for the heterogeneous solutions containing mineral particles. Lastly, 
the decrease of xanthate in a solution may not be due to decomposition solely. Despite the 
limitations of SFT, researchers reported their key findings. Iwasaki et al. [77], Finkelstein [78], 
and Tipman et al. [79] all indicated that oxygen only had negligible effect on xanthate 
decomposition, which permits the study of xanthate decomposition to be conducted in ambient 
atmosphere. The effect of temperature on the decomposition kinetics was demonstrated via the 
Arrhenius Law. Different from the thermal decomposition studies of xanthate as solid [109], the 
types of decomposition products generated from xanthate in aqueous solutions are fewer at 
various temperatures [103]. The major product from xanthate decomposition in aqueous 
solutions is carbon disulfide (CS2) at various temperatures [74]. The effect of pH on xanthate 
decomposition in aqueous solutions has been investigated relatively more than any other factor 
in literature [65, 72-74, 76-78, 80-103]. It was generally believed that decomposition is much 
stronger under acidic conditions than that under alkaline conditions [74]. However, multiple 
reactions were believed to be associated with the decomposition process in alkaline solutions as 
opposed to the dominance of a single step reaction in acidic solutions. That is under acidic 
conditions xanthate decomposed to CS2, whereas under alkaline conditions it could also form 
dixanthogen [97], per xanthate [74, 97], monothio- and dithio- carbonates [94], and 




follow the first order law regardless of pH [73, 76-78, 91, 93, 98, 102]. Multiple reactions in 
parallel or in sequence [74, 94, 97] accompanied the decomposition reaction, but the CS2 
generation still obeyed the first order [78, 102]. Nevertheless, it is unclear as to whether the 
decomposition reaction should be unimolecular [76, 77, 91, 93, 98]
 
or bimolecular [73]. It 
remains doubtful as to whether a maximum decomposition degree existed: Ballard et al. [76], 
Klein et al. [93], and Iwasaki et al. [98] derived a maximum level when pH reached a certain low 
level while others did not [77, 91]. Under alkaline conditions, Tipman et al. [79] found that 
decomposition remained almost constant, while Finkelstein [78, 102] observed that it still 
decreased with pH. Despite the findings listed above, further research is necessary to provide 
more comprehensive understanding of decomposition under the control condition as well as to 
clarify the confusions and disagreements. 
 
2.1.2. Decomposition under Mineral Processing Related Conditions 
 
A group of researchers at McGill University used a method called HAGIS (Headspace 
Analysis Gas-Phase Infrared Spectroscopy) to detect the species in the gas phase produced from 
thermal decomposition of xanthate adsorbed on mineral surfaces [68-71]. Different atmosphere 
conditions with varying temperature and oxygen content were examined to see how the type and 
quantities of the decomposition products were affected. This might be by far the most related 
conditions to the mineral processing industry by simulating the operation when the concentrates 
are being filtered and dried. However, other operations have not been simulated to examine how 
the decomposition is when xanthate flows through them. One such operation is the froth flotation, 




could complicate the decomposition. It is of utmost importance for the mining industry to know 
how the complex nature of flotation affects the decomposition while determining the separation 
efficiency of different minerals.  
 
2.1.3. Decomposition Affected by Metal Ions 
 
Abundance of studies on the interactions between xanthate and the minerals indicated the 
formation of various compounds. These compounds are not only determining the hydrophobicity 
of mineral particles in froth flotation, but are potential of contributing to the overall xanthate 
decomposition in a complex ore pulp system. However, the decomposition behavior of these 
compounds remains almost unknown. There has not been a comprehensive identification of all 
compounds formed by xanthate and minerals but research unanimously verified the formation of 
metal xanthate and dixanthogen via the chemical or electrochemical mechanisms [14, 18, 115-
118]. These two compounds are believed to affect the hydrophobicity of the minerals to a large 
extent [15, 117, 118], but how they decompose is unknown.  
Metal xanthate, formed by xanthate ion and metal ion, can be found either on the mineral 
surfaces or in the solution, depending on whether the metal ion is in the lattice of the mineral or 
in the solution from the dissolution of the mineral [13-15, 116-118]. In literature, the effect of 
metal ions on xanthate has been described as “inhibitive” or “catalytic” [104-107]. Nanjo et al 
[107] believed the metal xanthate formed by Pb, Cd or Zn with xanthate were stable, so xanthate 
decomposition decreased upon forming such metal xanthate compounds. The “catalytic” of metal 




catalytic effect of these metal ions by promoting xanthate to form certain compounds. For 
example, Cu
2+
 could interact with xanthate via Cu2+ + X− → CuX2 → Cu2X2 + X2, and in the 
presence of oxygen, the formed products could further react through Cu2X2 + O2 → CuX2 +
Cu(OH)2 and Cu(OH)2 + X
− → CuX2 + OH
−. Fe
3+
, on the other hand, promotes the xanthate 
reaction via a different pathway, Fe3+ + X− → FeX3
O2,CO2






 both promoted the transformation of xanthate “catalytically” into Cu2X2, X2 and FeX3. This 
has not yet anything to do with decomposition. Cu2X2 and FeX3 could decompose as xanthate 
does, which will contribute to the overall decomposition of xanthate. Therefore, further studies 
should be conducted to examine the decomposition properties of Cu2X2 and FeX3 so that the 
effect of metal ions on xanthate decomposition could be clarified comprehensively.  
Dixanthogen forms from the dimerization/oxidation of xanthate [12, 119]. Dixanthogen 
decomposition has only been studied preliminarily: it was found that in the presence of the 
nucleophiles (e.g., OH
-
), the decomposition compounds include CS2, COS, perxanthate, and 
mono-thiocarbonate at different pH levels [119]. Dixanthogen decomposition requires additional 
investigations, especially under processing related conditions.  
 
2.2. Prior Studies on the Decomposition of Other Mining Reagents 
 
Compared to xanthate, there have been fewer studies on the chemical fate of other mining 
reagents such as dithiophosphate, dithiophosphinate, and dithiocarbamate. In literature, only 
thermal decomposition was attempted for dithiophosphate/dithiophosphinate [120-124] and acid 




unsaturated thoils, sulfides and saturated disulfides can be produced from thermal decomposition 
of dithiophosphate/dithiophosphinate [121, 122, 124]. Acid decomposition of dithiocarbamate 
generates primary amine and carbon disulfide [130, 131]. The features of thermal and acid 
decomposition only present limited understanding of the decomposition behavior of the reagents, 
while decomposition under processing related conditions needs to be elucidated. 
 
2.3. Gap of the Prior Studies on Decomposition of Reagents 
 
As can be seen from above, limited studies are found in literature on the decomposition 
behavior, which is an important aspect of chemical fate of mining reagents. The results were 
inadequate for industrial applications and the discrepancies might further lead to confusion. Due 
to lack of sufficient chemical fate information of mining reagents, the adverse impacts of mining 
reagents inhibit the mining companies to take timely action to find remediation measures. It also 
limits the evaluation of reagents in terms of their greenness/sustainability. The following list 
summarizes the missing but crucial aspects of the decomposition behavior that should be studied: 
a. Methods applied in prior studies were not sufficient or infeasible to investigate the 
decomposition of mining reagents under various conditions, such as in aqueous 
solutions alone (as control) and in ore pulp under flotation conditions 
b. There are confusions and conflicts in prior studies on the decomposition in aqueous 
solutions, so clarifications are desired 
c. No studies have been found to investigate the decomposition during flotation, under 




with other components in the system. Mining companies are interested in obtaining 
information of decomposition behavior during the processing related conditions. 
d. A vast body of studies investigated the interaction between the mining reagents (such 
as xanthate) with various sulfide ores (such as chalcopyrite, pyrite, and pentlandite) 
and determined the identities of the compounds that render the ores hydrophobic. But 
the decomposition properties of these compounds are not yet clear. They could well 
contribute to the overall decomposition in the system while providing hydrophobicity. 
e. Decomposition model to predict the decomposition behavior under various conditions 
is beneficial for industrial monitor of the generation of toxic decomposition products, 
but currently does not exist for the mining industry. Even in other industries such a 
model of describing and predicting decomposition is not available. 
 
2.4. Statement of Research  
 
Based on the gaps from prior studies, chemical fate studies of mining reagents (e.g., 
xanthates, dithiocarbamates, dithiophosphate, and dithiophosphinate) have been conducted in the 
following aspects to understand the decomposition behavior: 
a. Comprehensive literature review of the limited sources on decomposition behavior of 
mining reagents to determine the knowledge gap. 
b. Design a scheme with different experimental setups to study decomposition of mining 
reagents under various conditions allowing decomposition products to be measured 




ore pulp under flotation conditions.  It is important to examine the efficiency of the 
experimental setups. 
c. Systematic analyses conducted to account for the decomposition behaviors under 
different conditions in terms of establishing the kinetics, understanding impacts from 
various factors, and constructing a decomposition model with reasonable hypotheses. 
d. Studies are necessary to understand how metal ions affect the decomposition, since 
literature has demonstrated a variety of compounds that form from the interactions 
between the metal ion and a reagent. These compounds do not only play an important 
role in determining the hydrophobicity but the overall decomposition behavior. The 
system containing metal ions can act as a simplified model for those systems 
containing minerals, so the impact of metal ions could be examined in detail without 
the interference from other factors due to the presence of minerals. 
 
2.5. The Novelty 
  
Chemical fate studies in terms of decomposition are generally quite limited in literature. 
For the mining industry, studies have been mostly focused on their interaction mechanism with 
minerals instead of other fate behaviors. However, perhaps one adverse behavior could lead to 
serious consequences on safety, health, and the environment. With the trend for sustainability 
and the inevitable regulative pressures, understanding the adverse behavior and finding the 
remediation measures have started to gain popularity among industries. Only preliminary studies 
have been found. The method to study the decomposition under processing related conditions is 




under processing conditions. Results obtained will fill in the knowledge gap with respect to the 
processing conditions. Such information will enable the evaluation of reagents with respect to 
their greenness. Moreover, the result on decomposition in solution with metal ion will add to the 
knowledge of the various compounds that not only determine the hydrophobicity, but the overall 
decomposition behavior. The decomposition model will establish the framework to describe and 
predict the decomposition under various conditions by combining all possible decomposition 















Chapter 3 Materials, Experimental Methods and Programs 
 
 Since the experimental methods used by previous researcher are inadequate to provide 
sufficient understanding of the decomposition behavior of reagents, it is necessary to develop 
new methods that can immerse decomposition under the desired conditions and then examine the 
decomposition behavior affected by relevant factors. The experimental methods developed for 
the different decomposition conditions are presented below with the fundamental ideas behind 






Reagents are ACS certificated Reagent Grade, and purchased from legitimate suppliers 
and provided by projects sponsors.  
SIBX (Sodium iso-Butyl Xanthate, (CH2)2CHCH2OCS2Na, solid) with ≥ 99% purity was 
obtained from Cytec Industries. PAX (Potassium Amyl Xanthate, CH3(CH2)4OCS2K, solid) with 
≥ 99% purity was obtained from Prospect Chemicals. DTP (Sodium Di-butyl Dithiophosphate, 
((CH3)2CHCH2O)2PS2Na, liquid) with ≥ 90% purity was obtained from Cytec Industries. DTPI 
(Sodium Di-butyl Dithiophosphinate, ((CH3)2CHCH2)2PS2Na, liquid) with ≥ 90% purity was 
obtained from Cytec Industries. DEDTC (Sodium Di-ethyl Dithiocarbamate, (CH3CH2)2NCS2Na, 
powder) with ≥ 95% purity was obtained from Flottec, LLC. DBDTC (Sodium Di-butyl 




The six reagents represent the six groups of collectors widely used in flotation operations. They 
were selected based on the interests from mining companies. Their molecular structures are as 
follows: 
 
CS2 (carbon disulfide) with ≥ 99.9% purity was obtained from Fisher Scientific. CS2 is 
colorless liquid, with the density as 1.266g/cm
3
 at 25°C, boiling point as 46.24°C, solubility in 
water as 0.2g/100ml pure water and vapor pressure as 48.1 kPa at 25 °C. HCl, NaOH and 
Ca(OH)2 were bought from Sigma Aldrich. CuSO4·5H2O and Fe2(SO4)3 were purchased from 
MP biomedicals, LLC. Granular activated carbon Nuchar SA-20 (with the size ≤ 150μm, and 
surface area 1400-1800 m
2
/g) was purchased from MWV Specialty Chemicals. Toluene was 




MIBC (Methyl iso-Butyl Carbinol or 4-Methyl-2-Pentanol, 98%) was purchased from 
Sigma Aldrich. F160-09 (which is a blend of polyglycol ethers) was provided by Vale Canada 
Inc.  
Water used was triple distilled (EC=1.5 μΩ
-1
). Fresh xanthate solutions were prepared 
before each experiment. A series of standard solutions of CS2 with different concentrations in 
distilled water were prepared to develop calibration curves to estimate the CS2 generated upon 





Bessemer Matt ore was obtained from Vale Canada Inc. Mineralogy analysis shows that 
it contains 40-70% nickel sulfide, 15-40% copper sulfide, 3-7% nickel, 0.5-1.5% iron silicate, 
and other minerals. Ore #3170 was obtained from Newmont. Mineralogy analysis shows that it 
contains 1% chalcopyrite, 15% pyrite, 68% quartz, and other minerals. Detailed information of 
the ores is confidential to the mining companies. 
 
3.2. Experimental Methods 
 
Our scheme to assess xanthate decomposition under various conditions (e.g., in aqueous 





Figure 3-1 General Scheme for Measuring Decomposition Products 
 
A reactor where decomposition takes place is used to simulate the desired conditions and 
accumulate decomposition products. The impact of factors can be examined by modifying the 
conditions in the reactor. The decomposition products in different phases can be either directly 
sent to the instrument for measurement, or collected and then subsequently sent for measurement. 
The instruments for measuring decomposition products in various phases include GC-MS (Gas 





GC-MS was selected to measure the decomposition products in the gas phase based on its 




the GC-MS is capable of extracting and transferring the sample in the headspace from a sealed 
vial to the column. This vial can therefore act as the intermediate storage for the samples to be 
measured or the reactor in which the compounds to be detected are being generated. There is an 
incubator as part of the MPS that can hold the vial at a chosen temperature before the headspace 
is extracted [144]. When the vial is used as the reactor, the incubator can facilitate the 
examination of the impact of temperature on the decomposition reaction. The model of GC-MS 
in this study was Agilent 6890GC/5973MS. Two types of MPS were used: Gerstel and HSS 
86.50. Two types of columns were used: DB-5MS (30m length, 0.25mm I.D., and 0.25µm film 
thickness), and HP-PLOTQ (30m length, 0.32mm I.D. and 0.20µm film thickness). Key 
parameters of GC-MS in measurements were: split ratio 5:1, injection port temperature 200°C, 
and flow rate constant 1ml/min. UV-vis spectroscopy was chosen to measure the compositional 
changes of the studied reagent in clear solution phase (i.e., the supernatant). The instrument used 
was Perkin-Elmer Lambda-25 spectrophotometer at the scan speed of 120nm/min and a 1nm slit. 
FTIR spectroscopy was used to measure the compositional changes in the precipitate formed by 
the studied reagent and other components in a system. The measurements were done in the 
HATR (horizontal attenuated total reflection) geometry. The spectra were measured in situ using 
Perkin-Elmer Spectrum 100 FTIR spectrometer equipped with a broad band detector called MCT 
(Mercury Cadmium Telluride). The spectra were collected at 200-400 scans and a resolution of 
4cm
-1
. The angle of incidence was 45° and 10 internal reflections were conducted.  
GC-MS used 10 or 20ml cylindrical glass vial with crimpled cap made of aluminum lined 
with a silicone septum. A Teflon film is deposited at the bottom of septum facing inside the vial. 
UV-vis spectrometer used a quartz cell which has an inner volume of 4ml after sealed with a 




metal base. When a metal cap was placed above the element, a closed chamber of approximately 
4ml could be formed. 
 
3.2.2. Method for Studying Decomposition in Aqueous Solutions 
 
Decomposition in aqueous solutions (in the absence of any other components) serves as 
control to that under other conditions, such as in ore pulp under flotation conditions or in 
solutions with metal ions. Prior studies only examined decomposition in aqueous solutions, but 
their method using SFT (Stop Flow Technique) is not able to provide sufficient understandings. 
Figure 3-2 illustrates the experimental procedure developed based on the scheme in Figure 3-1 to 
study decomposition in aqueous solutions.  
The reactor is a 10ml glass vial. In each test, stock SIBX solution and distilled water are 
introduced into the vial to obtain a 1ml SIBX solution at the desired concentration. Temperature 
is controlled by the MPS (Multi-Purpose Sampler). 1ml of the 9ml headspace is extracted and 
transferred to the GC-MS for measurement after a given time. Each vial is used for only one 






Figure 3-2 Experimental Scheme for Measuring Decomposition Products in the Gas Phase 
 
3.2.3. Method for Studying Decomposition in Ore Pulp under Flotation Conditions 
 
Decomposition in ore pulp under flotation conditions has never been examined before, 
but it is of significant importance to the mining industry since the decomposition can be as 
complicated as many other reactions during flotation. Figure 3-3 illustrates the design to study 
decomposition in ore pulp under flotation conditions based on the scheme in Figure 3-1. The 
essence of the experimental scheme for studying the decomposition under this condition is the 
capability of simulating the flotation conditions and measuring decomposition products. It is 
desired that the simulation and measurement could be conducted simultaneously so that the 
degree of decomposition can be tracked along with the proceeding of flotation. However, due to 
the fact that air is constantly introduced during flotation, it is challenging for any instrument to 
deal with the excessive air during measurement. Therefore, for the products in the gas phase, it is 




afterwards. In this way, it provides the flexibility to proceed flotation either partially or 
completely so the strength of decomposition along the duration of flotation can be examined. 
Thus, “indirect measurement” in Figure 3-1 is applied when the decomposition is investigated 
under flotation conditions.  
The reactor is a resin flask made of a cylindrical body and a lid with four necks. After ore 
pulp is poured into the reactor, a rubber ring is placed between the body and lid and a clamp is 
forced on the fringes (not shown in figure) of both the body and lid to ensure air-tightness in the 
reactor. The necks on the lid are for addition of reagents, thermometer, air input, and air output. 
The air input is through a glass tube with frit on its end inserted into the flask to generate micro-
sized bubbles. To prevent ore pulp or froth getting into the tube for air output, a frit is also 
installed at the exit of the neck that is for air output. The necks for the thermometer, air input, 
and air output are installed with a rubber or glass stopper attachment to avoid leaking. The neck 
for adding reagents can be closed with a rubber stopper. Bottom outlet of the reactor is closed at 
all times during flotation. The collection assembly is designed to capture decomposition products 
in the gas phase. It is a crucial part of the entire setup and an important objective of the method 
development. Up to three absorbents are used to ensure complete adsorption of decomposition 
products in gas phase. The absorbents include activated carbon, toluene, acetone, and sodium 
hydroxide solution. If activated carbon is used, a two-ended glass vial is placed horizontal to 
hold it to allow maximum contact with the decomposition products. The absorbents in the liquid 






Figure 3-3 Experimental Scheme for Studying Decomposition under Flotation Conditions 
 
In Figure 3-3, flotation reactor was specially made by a glass manufacturer based on our 
design. The body is made of glass and the outlet at the bottom is controlled by straight stopcock 
made of Teflon. The lid and its four necks are also made of glass, and a medium sized frit is 
installed on the bottom of one neck for air outlet. The volume of the inner space with the lid 
attached to the body is 250ml. Both the body and lid have fringes with a circular groove indented 
on both of them. A circular rubber ring wrapped with Teflon is placed in-between to reduce the 
friction when the body and lid are pressed together by a U-shaped metal clamper.  
When the setup shown in Figure 3-3 is used to conduct the decomposition and measure 




cylindrical glass vial with a crimpled cap, which is made of aluminum lined with a silicone 
septum. Type 2 is specially manufactured 20ml two-ended cylindrical glass vial with a screw cap, 
which is made of plastic lined with a silicone septum. A Teflon film is deposited at the bottom of 
the septum facing inside the vial. GC-MS uses Type 1 vials to extract the headspace for 
measurement. Type 1 vials are also used in our tests to hold liquid absorbents, such as toluene. 
Type 2 vials are used to hold solid absorbents, such as activated carbon. Teflon tubes inserted 
into needles are used as connectors for the setup. Needles (size: 18G 1½) can be easily inserted 
into the septum and maximum two needles can be accommodated on the septum. Three types of 
syringes are used. Type 1 is 20ml air-tight glass syringes that are used to accurately measure 
liquid absorbents. It can also be used to inject organic solvent to desorb the activated carbon. 
When activated carbon settles down, Type 2 the 10ml plastic syringe is used to extract the 
supernatant. 0.2μm Whatman syringe filters, purchased from Sigma Aldrich, is used to ensure 
clear supernatant solution. Type 3 is the 5μl gold standard syringe purchased from Agilent that is 
used to extract liquid absorbent or the supernatant for GC-MS measurements. 
 
3.2.4. Method for Studying Decomposition in Solutions of Metal Ions 
 
Decomposition in solutions containing metal ions is examined after decomposition in ore 
pulp under flotation conditions is investigated. The purpose is to simplify the complex ore pulp 
system to understand the effect of the one of the most important factors – metal ions. The 
literature is filled with studies that have examined the interactions between minerals and 
collectors and invariably elucidated the contributions from metal ions to form the end-products 




products may also be capable of decomposing. Therefore, it is necessary to understand their 
decomposition properties. Figure 3-4 shows the experimental configuration to study the effect of 
metal ions on the decomposition based on the scheme in Figure 3-1. GC-MS measures the 
compositional changes in the gas phase; UV-vis are for supernatant or liquid phase of the 
solution without precipitate or other solids; and HATR-FTIR is used to track the formation and 
change of the precipitate [23, 25, 29-34]. All measurements are conducted as a function of time 
and their results are complementary to one another. By measuring the changes in all phases, the 
mass balance can be built up for the system. The exact experimental setup for the configuration 
shown in Figure 3-4 will be different when different instruments are used to measure its targeting 
phases. The configuration in Figure 3-4 can be easily constructed on GC-MS and UV-vis, as the 
former uses a glass vial and the latter uses a quartz cell. A vial or cell can be easily sealed once 
the test solution has been injected into them and can then be placed on GC-MS or UV-vis 
spectrometer for measurement. Different from GC-MS and UV-vis, HATR-FTIR uses an optical 
element (ZnSe or Ge) for measurement [150]. Therefore, the configuration needs to be built over 
the element. This is done by taking advantage of the chamber which is formed when a cover is 
placed upon the element. The setup for FTIR is shown in Figure 3-5. It can be seen that even 
though the chamber is not spacious, it is possible to hold a solution plus an empty space for air 
and the decomposition products. Moreover, when the precipitate formed settles and attaches to 






Figure 3-4 Experimental Configuration for Decomposition in Solution with Metal Ions 
 
 





GC-MS uses 20ml cylindrical glass vials with crimpled cap made of aluminum lined with 
a silicone septum. A Teflon film is deposited at the bottom of the septum facing inside the vial.  
UV-vis spectrometer uses a quartz cell with volume of 4ml after sealed with a Teflon cap. 
HATR-FTIR uses a ZnSe or Germanium IRE (Internal Reflection Element) imbedded in a metal 
base. When a cap is placed above the element, a chamber of approximately 4ml could be formed. 
For all the three reactors (glass vial, quartz cell or FTIR chamber), half of the volume is filled 
with the studied solution with the desired composition and the other half is left for accumulating 
gaseous decomposition products. 
The general procedure is as follows: 1) prepare the stock solutions for the studied reagent 
and metal salt (CuSO4·5H2O or Fe2(SO4)3); 2) add certain amounts of the stock solution of metal 
salt and triple distilled water into the glass vial, quartz cell or IRE before injecting certain 
amount of stock solution of studied reagent, and immediately seal the vial, cell or IRE; 3) 
measure the chromatograms or spectra as a function of time using GC-MS, UV-vis or HATR-
FITR. GC-MS extracts gas sample for measurement that can affect the ongoing decomposition 
reaction in the vial, while UV-vis and HATR-FTIR are non-intrusive techniques. Therefore, each 
vial is used only for one GC-MS measurement and a new vial is prepared for a new measurement. 
HATR-FTIR has three additional steps before the above general procedure: 1) add triple distilled 
water on the element to take the spectrum for “background”; 2) clean the element and add fresh 
stock solution of the studied reagent to take the standard spectrum for the reagent; 3) clean the 
element three times and take the spectrum for remaining reagent on the element. These 
precaution steps allow identifying bands from the reagent itself on the element and those from 




3.3. Experimental Programs 
 
As mentioned in Chapter 2, xanthate has been examined relatively more in literature on 
its decomposition behavior (although it is far from sufficient). Therefore, SIBX was chosen as 
the primary reagent to examine and understand the decomposition behavior. In the following 
programs, the investigation of the decomposition behavior was conducted for all these reagents 
(SIBX, PAX, DEDTC, DBDTC, DTP and DTPI) under the various conditions. However, the 
focus was more on SIBX than the other reagents.  
 
3.3.1. In Aqueous Solutions 
 
Effects of four variables (decomposition time, initial concentration, temperature and pH) 
were examined for SIBX decomposition, while they were only selectively tested for the other 
reagents. Tables 3-1 to 3-4 summarize the details of the experimental program. Time is counted 
from when the vial is sealed until the headspace is extracted for GC-MS measurement. pH 
represents the initial pH of the solution. Concentration means the initial concentration of the 








Table 3-1 Experimental Program for Measuring Decomposition of SIBX 
Variable Time (Hours) Initial pH Concentration (wt.%) Temperature (°C) 
Time 
0.5, 1, 2, 3, 4, 5, 6, 
8, 10, 12, 14, 24 
ca. 6.8 0.05 25, 50 and 70 
Concentration 2 Fixed at 7 
0.05, 0.1, 0.25, 0.5, 
0.75, 1 
50 
pH 2 1.5 to 12.5 0.05 25 
 
Table 3-2 Experimental Program for Measuring Decomposition of PAX 
Variable Time (Hours) Initial pH Concentration (wt.%) Temperature (°C) 
Time 0.5, 1, 2, 3, 4 ca. 6.8 0.05 25 and 50 
 
Table 3-3 Experimental Program for Measuring Decomposition of DEDTC and DBDTC 
Variable Time (Hours) Initial pH Concentration (wt.%) Temperature (°C) 
Time 0.5, 1, 2, 3, 4 ca. 6.8 0.05 25 and 50 
 
Table 3-4 Experimental Program for Measuring Decomposition of DTP and DTPI 
Variable Time (min) Initial pH Concentration (wt.%) Temperature (°C) 
Time 20, 40, 60 ca. 6.8 2.22 25 
pH 20 
1, 3, 5, 7, 9, 
11, 13 
2.22 25 
Concentration 20 ca. 6.8 2.22, 22.2, 222 25 






3.3.2. In Ore Pulp under Flotation Conditions 
 
The experimental setup shown in Figure 3-3 was designed to examine the decomposition 
behavior of reagents under flotation conditions. It is necessary to know its performance before it 
is used. CS2 was found to be the major decomposition product in the gas phase when SIBX, PAX, 
DEDTC or DBDTC was mixed with the mineral. Thus, it was chosen to check the performance. 
Some loss of CS2 (e.g., by adsorbing on the inner wall of the glassware and connectors) is 
inevitable. The performance suggests the relationship between the actual amount of CS2 from the 
decomposition reaction and the amount that can be captured and detected using GC-MS. The 
entire list of tasks for performance check includes 1) the selection of activated carbon based on 
the capability of adsorbing CS2; 2) the optimal method for the chosen activated carbon to desorb 
CS2 for measurement; 3) the combination of activated carbon with other adsorbents for the 
collection assembly; 4) the performance evaluation of the entire setup following the assessment 
of each component comprising the setup; 5) the detection limit of CS2 down to 1ppm.  
The first three tasks were completed but the detailed results are not included in this thesis. 
The result indicated that one activated carbon sample labeled as Nuchar had better adsorption 
ability than any other activated carbon sample, and the optimal desorption method for it was 
found to be the solvent extraction by toluene. Moreover, it was observed that the combination of 
absorbents of Nuchar, toluene and NaOH (0.01M concentration) could adsorb CS2 better than 
any other combination, so they were set as the choice for the collection assembly. The program 
for tasks of 4) and 5) is shown below in 3.3.2.1 and 3.3.2.2. 
Two sets of flotation conditions were simulated to examine the decomposition behavior 




3.3.2.1. Performance Evaluation of the Experimental Setup 
 
The efficiencies of the reactor and collection assembly determine the overall performance 
of the experimental setup. The efficiency reveals the relationship of the amount of CS2 finally 
detected compared to the actual amount of CS2 existing in the setup. The loss of CS2 due to its 
adsorption on inner walls of the reactor, collection assembly and their connectors is the major 
cause for the decrease of the efficiency. The efficiency of the absorbent needs to be determined 
before that for the reactor and collection assembly can be assessed. The approach to examine the 
efficiency of the absorbent depends on its physical state. Absorbents such as toluene and sodium 
hydroxide can be measured by GC-MS directly, so what is adsorbed can be completely measured. 
Absorbents such as the activated carbon Nuchar need to be desorbed before being sent to the 
GC-MS. The efficiency of Nuchar can be calculated by passing a known amount of CS2 through 
it and then examining how much can be recovered from it. Figure 3-6 shows how the efficiency 
of Nuchar is examined. A known amount of CS2 is added to Nuchar, and left for 1 hour before 
7ml toluene is added into the vial for the solvent extraction. The mixture is extracted after 3 
hours, and then filtered to obtain the supernatant, of which 2μl is injected into a 10ml sealed vial 






Figure 3-6 The Scheme for Examining the Efficiency of Activated Carbon 
 
The efficiency of the collection assembly can be evaluated by passing a known amount of 
CS2 through the collection assembly and comparing with the amount that is captured by the 
collection assembly. An empty vial is placed between the reactor and the collection assembly in 
the setup shown in Figure 3-3. A known amount of CS2 is injected into the empty vial, vaporized 
and carried into the collection assembly by the air flow from the reactor. This vial could be 
readily examined by GC-MS to find out the remaining CS2 in the vial. The efficiency of the 
reactor cannot be obtained directly, but that of the entire setup can be obtained. The difference 
between the efficiencies of the entire setup and the collection assembly is the efficiency of the 
reactor. The efficiency of the entire setup can be determined by injecting a known amount of CS2 






3.3.2.2. Detection of 1ppm CS2 
 
Another aspect of the performance check for the setup is the detection limit. For example, 
regulations decreased the permissible limit of CS2 from 10ppm to 1ppm. This check is done by 
adding 1ppm CS2 into the reactor in which the flotation conditions are simulated, and the 
measurement is conducted for the collection assembly to see whether CS2 can be detected. 
 
3.3.2.3. Measurement of Decomposition during Flotation 
 
After method development in terms of designing the experimental setup and evaluating 
its performance of capturing the decomposition products, decomposition was measured under the 
flotation conditions. Two sets of flotation conditions were simulated. One was using the 
condition similar to that in the plant operation, while the other purposely modified certain 
parameters to enhance the generation of decomposition products to see how decomposition was 
affected in the flotation process. Major parameters of the two sets of flotation conditions are 









Table 3-5 Parameters of the Flotation Conditions 




Reagent Conc 200ppm 
 
Aeration Rate  50 mL/min 
Solid Percent 33wt% Stirring Rate  450rpm 
Frother – F160-09 20ppm pH  12 
Modifier - Temperature  25°C 
Condition Time 2min Flotation Time 10min 




Reagent Conc 400-2000ppm Aeration Rate  50 mL/min  
Solid Percent 30wt% Stirring Rate  450rpm  
Frother - MIBC 15ppm pH  9 
Modifier - Temperature  70°C  
Condition Time -  Flotation Time 1 or 2 hours  
 
The purpose of Set 1 flotation conditions is to determine the decomposition under a plant 
operation except that in the lab it is batch flotation while in plant it is continuous flotation. The 
purpose of Set 2 flotation conditions is to study how time, ore loading and initial concentration 
of the studied reagent affect decomposition during flotation. The concentration of the reagent 
ranged from equivalent to higher dosages of that used in the plants. The temperature of the 
reactor was kept at 70°C (higher than the boiling point of CS2) to enhance CS2 escape from the 
ore pulps.  
 
3.3.3. In Solutions of Metal Ions at Different pH and Temperature 
 
As shown in Figure 3-4, the configuration was built on GC-MS, UV-vis and HATR-FTIR 
to allow the compositional changes in the gas, liquid and precipitate to be tracked within a closed 




temperature were examined. Tables 3-6 to 3-9 exhibit the preparation details (e.g., concentrations 
of the stock solutions and the amounts that were added). pH of some of the systems listed in 
Tables 3-6 to 3-9 were manually modified to examine its impact on the decomposition in the 
presence of the metal ions. Otherwise, pH was not controlled but measured as a function of time. 
Similarly, the impact of temperature on decomposition was evaluated by elevating it to higher 
than the ambient (25°C) in some systems. 
 


























added to Vial 
(ml) 
Amount added 
to Vial (ml) 
GC-MS 
1/2 
0.1 22.2 222 0.00646 
0.25 9.75 
1/1 0.5 9.5 
2/1 1 9 
UV-vis 
1/2 
0.004 22.2 44.4 0.000323 
0.2 1.8 
1/1 0.4 1.6 




0.1 230 11500 0.00364 
0.45 1.55 
1/1 0.89 1.11 





































added to Vial 
(ml) 
Amount added 
to Vial (ml) 
GC-MS 
1/6 
0.1 22.2 222 0.00172 
0.25 9.75 
1/3 0.5 9.5 
2/3 1 9 
UV-vis 
1/6 
0.004 22.2 44.4 0.000086 
0.2 1.8 
1/3 0.4 1.6 




0.05 230 5750 0.00488 
0.45 1.55 
1/3 0.89 1.11 
2/3 1.77 0.23 
 
 

















































GC-MS 1/2 1/3 0.1 22.2 222 0.01292 0.125 0.00688 0.125 9.75 
UV-vis 1/2 1/3 0.004 22.2 44.4 0.000646 0.1 0.000344 0.1 1.8 
HATR-
FTIR 








Table 3-9 Preparation Details for Measurements on GC-MS 
System 
Ratio of Metal 
Ion to the 
Reagent 
Reagent Stock Solution 
















added to Vial 
(ml) 
Amount 




0.1 22.2 222 0.0055 
0.25 9.75 
1/1 0.5 9.5 
2/1 1 9 
Fe/PAX 
1/6 
0.1 22.2 222 0.00146 
0.25 9.75 
1/3 0.5 9.5 
2/3 1 9 
Cu/DEDTC 
1/2 
0.1 22.2 222 0.00642 
0.25 9.75 
1/1 0.5 9.5 
2/1 1 9 
Fe/DEDTC 
1/6 
0.1 22.2 222 0.00171 
0.25 9.75 
1/3 0.5 9.5 
2/3 1 9 
Cu/DBDTC 
1/2 
0.1 22.2 222 0.00489 
0.25 9.75 
1/1 0.5 9.5 
2/1 1 9 
Fe/DBDTC 
1/6 
0.1 22.2 222 0.00130 
0.25 9.75 
1/3 0.5 9.5 




To explore the decomposition of reagents under various conditions, it is necessary but 
always challenging to develop methods that are capable of simulating these conditions. 
Computer simulation can be established based on the limited experimental data and in return 
complement these results. Moreover, simulation can provide data for those that have not been 
studied experimentally. Therefore, as part of our efforts to understand decomposition, simulation 




In literature, the simulation or modeling exercises for the decomposition are found very 
limited while other behaviors or reactions (e.g., adsorption at the various interfaces) are abundant. 
One of the difficulties that are experienced during simulation is the interference from the parallel 
and sequential interactions. Therefore, usually assumption and simplification might be necessary, 
especially when required data are not available from the experimental investigations.  
Our simulation exercise started with SIBX decomposition in the presence of Cu
2+
. In that 
system, mass balance of SIBX distribution in the gas, liquid and precipitate phases were obtained, 
which facilitates the validation of simulation calculations. The simulation was mainly based on 
the simultaneous calculation of kinetics equations that were involved in the Cu/SIBX system. 
Assumptions and boundary conditions were reasonably made upon calculations. Matlab was 












Chapter 4 Decomposition in Aqueous Solutions 
 
SIBX decomposition in the aqueous solutions alone serves as control to that under other 
conditions, such as in ore pulp under flotation conditions (Chapter 5) or in solutions containing 
metal ions (Chapter 6). This condition is biased by prior studies in the literature, but there are 
still conflicts, confusions and lack of comprehensive understanding. In our study, decomposition 
kinetics was re-evaluated using a totally different method compared to the SFT applied in prior 
research. This method was adapted to analyze the decomposition products in the gas phase 
directly by GC-MS (Gas Chromatography-Mass Spectroscopy). SIBX decomposition was 
examined as a function of time, initial concentration, and pH. One goal of the study is to 
determine whether decomposition kinetics could be assessed by analyzing the decomposition 
products in the gas phase. A second goal is to examine whether or not a maximum degree of 
decomposition exists. A third goal is to discuss the possible parallel and sequential reactions, 
which occur along with the decomposition reaction and are responsible for the decomposition 
behavior across the acid-to-alkaline pH range.  
 
4.1. Decomposition Products in the Gas Phase 
 
Figure 4-1 shows the GC-MS chromatogram for the decomposition products generated 
by SIBX in the gas phase as a function of time, with each chromatogram providing information 
about the decomposition products after a certain decomposition interval. The solution is 0.05wt.% 





Figure 4-1 Chromatogram of Decomposition Products from the SIBX Solution 
 
The number of peaks in the chromatogram represents the number of the decomposition 
species. Only one product is detected, which appears at ca. 1.90 min of retention time and is 
identified as CS2 from its mass spectrum. Its intensity increases with time. The decomposition 
kinetics could thus be studied by determining the amount of CS2 as a function of time. Evaluation 
of decomposition kinetics based on CS2 is consistent with that reported in literature [77, 91, 95, 





4.2. Decomposition as a Function of Time 
 
The calibration of CS2 in the gas phase is obtained by adding a series of CS2/water 
solutions at different but known concentrations into sealed vials individually. The MPS (Multi-
Purpose Sampler) on the GC-MS fully evaporates the added solution, extracts 1ml of the gas 
phase and measures the sample by showing the chromatogram. Table 4-1 shows the calibration 
done for several ranges of peak area and their corresponding standard calibration equations. 
 
Table 4-1 Standard Calibration Equation for CS2 
Magnitude of Peak Area 
Calibration Equation: 






 2.38 2.6E-06 
10
6
 2.50 1.6E-05 
10
7
 3.15 -1.34E-04 
10
8
 4.26 -2.58E-03 
*The headspace in the vial was 9ml. 
 
Using the calibration equations, the amounts of CS2 generated from SIBX decomposition 
are estimated from the peak area shown in Figure 4-1. Figure 4-2 shows the amount of CS2 from 
SIBX decomposition as a function of time at 25, 50 and 70°C. The time to surpass 10ppm (or 
3mg/m
3






Figure 4-2 CS2 Generated from 0.05wt.% SIBX solutions at 25,  50 and 70°C 
 
The calculation for the decomposition rate constant based on the CS2 generated from 
SIBX decomposition is demonstrated below.  
The SIBX decomposition for the generation of CS2 can be written as:  
 
(CH3)2CHCH2OCS2Na + H2O ⟺ CS2 + (CH3)2CHCH2OH + NaOH 




















Controversy exists with respect to whether the decomposition reaction should be uni-
molecular (i.e., xanthate and water first form xanthic acid which then decomposes) or bi-
molecular (i.e., shown by Eq. 4.1). We believe that the bi-molecular reaction is more reasonable, 
because xanthic acid is a moderately strong acid (pKa =2.23 for butyl xanthic acid [113, 114]), 
so under the alkaline, neutral, and weakly acidic conditions, xanthic acid dissociates. Moreover, 
it is found that molecular xanthic acid is stable in aprotic solvents, therefore there is no reason 
why it should decompose spontaneously in water [72].  







= k1[SIBX] − k2[(CH3)2CHCH2OH][CS2][NaOH] 
---------- Eq. 4.2 
 where [𝐶𝑆2], [𝑆𝑖𝐵𝑋], [(𝐶𝐻3)2𝐶𝐻𝐶𝐻2𝑂𝐻], and [𝑁𝑎𝑂𝐻] are the concentrations of CS2,  
SIBX, iso-Butanol, and NaOH in solution, respectively; k1 and k2 are the reaction rate constants 
for the forward and reverse directions of Eq. 4.1.  
 
As duration for the decomposition is short, the amount of CS2 generated is very low (seen 
from Figure 4-2) and much smaller relative to that of SIBX. Thus the reverse reaction can be 











---------- Eq. 4.3 
  
The generation of CS2 was measured at various SIBX concentrations to confirm that 
decomposition followed the first order rate law as implied by Eq. 4.3. 
 
4.3. Decomposition as a Function of Initial SIBX Concentration 
 
Typical concentrations of xanthates used in flotation are 50-500ppm, according to the 
type of ore under the flotation beneficiation operations in the mineral processing industry [1-4, 8]. 
In the literature, studies of decomposition also include a variety of dosages, some of which are 
higher than the actual amounts that are typically used in flotation. Thus, the solutions with initial 
SIBX concentration ranging from 0.05 to 1 wt.% were investigated. Figure 4-3 shows the CS2 






Figure 4-3 CS2 Generated from 0.05 to 1 wt.% solutions at 50°C for 2h 
 
A linear relationship can be observed from the CS2 generated as a function of the initial 
SIBX concentration, confirming that decomposition follows the first order kinetics.  
 
4.4. Decomposition Kinetics 
 





















ln[SIBX]t = −k1t + ln[SIBX]0 
---------- Eq. 4.4 
where [𝑆𝐼𝐵𝑋]0  and [𝑆𝐼𝐵𝑋]𝑡  are the initial (at time=0) and residual (at time=t) SIBX 
concentration in solution, respectively.  
 
The concentration of SIBX in solution at a certain decomposition time can be calculated 
based on the CS2 in the gas phase: 
 




---------- Eq. 4.5   
where 𝑚(𝐶𝑆2)𝑎𝑖𝑟 is the mass of CS2 in the gas phase. CS2 generated partitions between 
the solution and gas phases. The partition coefficient of CS2 is difficult to obtain in solutions 
containing xanthate, which is continuously decomposing. Thus, the calculation above only 
accounted for CS2 that ends up in the gas phase only.  
 
Using the data shown in Figure 4-2, the step-by-step calculation for the rate constant is 
demonstrated in Table 4-2. By obtaining the relationship between “ln[SIBX]0-ln[SIBX]t” and the 





















5.16E-05 1.17E-04 5.00E-01 2.91E+00 -5.84087505 
-5.84064166 
0.000233393 
5.12E-05 1.16E-04 5.00E-01 2.91E+00 -5.87087350 0.000231842 
5.14E-05 1.16E-04 5.00E-01 2.91E+00 -5.84087437 0.000232714 
1 
1.28E-04 2.90E-04 5.00E-01 2.91E+00 -5.84122158 
-5.84064166 
0.000579925 
1.25E-04 2.83E-04 5.00E-01 2.91E+00 -5.84120829 0.00056664 
1.26E-04 2.86E-04 5.00E-01 2.91E+00 -5.84121305 0.000571391 
2 
4.40E-04 9.95E-04 4.99E-01 2.90E+00 -5.84263434 
-5.84064166 
0.001992687 
4.41E-04 9.97E-04 4.99E-01 2.90E+00 -5.84263843 0.001996767 
4.39E-04 9.94E-04 4.99E-01 2.90E+00 -5.84263230 0.001990646 
3 
5.86E-04 1.33E-03 4.99E-01 2.90E+00 -5.84329770 
-5.84064166 
0.002656047 
5.98E-04 1.35E-03 4.99E-01 2.90E+00 -5.84335181 0.002710156 
5.81E-04 1.32E-03 4.99E-01 2.90E+00 -5.81327525 0.002633587 
4 
7.64E-04 1.73E-03 4.98E-01 2.90E+00 -5.84410658 
-5.84064166 
0.003464921 
7.68E-04 1.74E-03 4.98E-01 2.90E+00 -5.84412190 0.003480247 
















1.57E-03 3.56E-03 4.96E-01 2.89E+00 -5.84778437 
-5.84064166 
0.007142711 
1.56E-03 3.53E-03 4.96E-01 2.89E+00 -5.84772284 0.007081184 
1.59E-03 3.59E-03 4.96E-01 2.89E+00 -5.8478459 0.007204242 
1 
2.89E-03 6.55E-03 4.93E-01 2.87E+00 -5.85382025 
-5.84064166 
0.013178589 
2.87E-03 6.49E-03 4.94E-01 2.87E+00 -5.85370318 0.013061522 
2.95E-03 6.69E-03 4.93E-01 2.87E+00 -5.8541065 0.013464812 
2 
6.69E-03 1.51E-02 4.85E-01 2.82E+00 -5.8713918 
-5.84064166 
0.02949325 
6.42E-03 1.45E-02 4.85E-01 2.82E+00 -5.87013491 0.030750152 
6.49E-03 1.47E-02 4.85E-01 2.82E+00 -5.87045229 0.029810634 
3 
1.06E-02 2.41E-02 4.76E-01 2.77E+00 -5.88993829 
-5.84064166 
0.049296636 
1.07E-02 2.43E-02 4.76E-01 2.77E+00 -5.89036996 0.049728304 
1.06E-02 2.40E-02 4.76E-01 2.77E+00 -5.88987086 0.049229205 
4 
1.41E-02 3.20E-02 4.68E-01 2.72E+00 -5.9066798 
-5.84064166 
0.066038122 
1.44E-02 3.26E-02 4.67E-01 2.72E+00 -5.9080522 0.067410502 



















1.38E-02 3.11E-02 4.69E-01 2.73E-03 -5.90496675 
-5.84064166 
0.064325088 
1.43E-02 3.24E-02 4.68E-01 2.72E-03 -5.90766101 0.067019351 
1.31E-02 2.96E-02 4.70E-01 2.73E-03 -5.90177011 0.061128456 
1 
2.67E-02 6.04E-02 4.40E-01 2.56E-03 -5.96929177 
-5.84064166 
0.128650115 
2.63E-02 5.95E-02 4.41E-01 2.56E-03 -5.96723544 0.126593781 
2.71E-02 6.14E-02 4.39E-01 2.55E-03 -5.97158357 0.130941916 
2 
4.98E-02 1.13E-01 3.87E-01 2.25E-03 -6.09583473 
-5.84064166 
0.255193075 
4.24E-02 9.60E-02 4.04E-01 2.35E-03 -6.05394027 0.21329861 
4.92E-02 1.11E-01 3.89E-01 2.26E-03 -6.09264333 0.252001672 
3 
6.95E-02 1.57E-01 3.43E-01 1.99E-03 -6.21864512 
-5.84064166 
0.378003458 
7.07E-02 1.60E-01 3.40E-01 1.98E-03 -6.22659187 0.385950213 
7.15E-02 1.62E-01 3.38E-01 1.97E-03 -6.23166346 0.391021806 
4 
9.46E-02 2.14E-01 2.86E-01 1.66E-03 -6.39951214 
-5.84064166 
0.558870481 
8.89E-02 2.01E-01 2.99E-01 1.74E-03 -6.35524546 0.514603807 
8.64E-02 1.95E-01 3.05E-01 1.77E-03 -6.33644748 0.495805821 
 




Linear Fit – R
2
 Rate Constant or Slope( h
-1
) Standard Error 
25 0.98 9.3E-04 3.4E-05 
50 0.99 1.7E-02 2.7E-04 
70 0.99 1.3E-01 3.3E-03 
 CS2 Mass (mg): Mass of CS2 in the Gas Phase\ 
 Δm(SIBX) (mg): Change of SIBX Mass in Solution 
 mt (SIBX) (mg): Mass of SIBX in Solution at Time “t” 
 [SIBX]t (mol/L): Concentration of SIBX in Solution at Time “t” 
 ln[SIBX]t: ln of Concentration of SIBX in Solution at Time “t” 
 ln[SIBX]0: ln of Initial Concentration of SIBX in Solution 


















at 70°C for the 0.05wt.% SIBX solution at pH 6.8. Compared 





at 25°C at pH 7 [78, 79, 102]. The value in our case is a little higher. Four possible causes are 




1) pH level: slightly different in our study (pH=6.8) compared to that in literature (pH=7). 
2) Experimental techniques: UV-vis spectroscopy tracks the decrease of xanthate in 
solutions to calculate the decomposition rate constant, while GC-MS directly measures CS2 in 
the gas phase. Early studies using the UV-vis spectroscopy suffer from the issue of ambiguous 
assignment of the UV-vis bands to xanthate and its related compounds (such as xanthic acid and 
dixanthogen), leading to an inaccuracy in the subsequent quantification calculations.  
3) Type of xanthates: Ethyl, butyl, and amyl xanthates are used in the past studies, while 
iso-butyl xanthate is used throughout our entire study. 
4) Approaches used to calculate the rate constant: in prior work a complex decomposition 
pathway is pre-assumed, which combines either the uni- or bi- molecular decomposition reaction 
with other reactions that xanthate is involved in. In the derivation of rate equations, additional 
assumptions are made which introduce unknown variables. Consequently, the rate constant could 
be obtained as long as all the other variables are computed together. This approach, adopted by 
prior researchers, is rather difficult to evaluate the decomposition kinetics. Moreover, their 
approach is conducted in a reverse manner because they fit the experimental data to their 
presumed decomposition pathway. This approach can result in misleading interpretations since a 
set of data can well fit more than one decomposition pathway. On the contrary, our approach as 
shown above calculates the decomposition rate constant directly from our experimental data 
according to Eq. 4.1. With respect to the multiple reactions (occurring in parallel or sequentially 
with the decomposition reaction) that could affect decomposition, our strategy is to find them by 
varying solution conditions. For example, a list of the parallel or sequential reactions that can 




4.5. Decomposition as a Function of pH 
 
The effect of pH is examined relatively more than any other factor in the prior studies. 
Although pH has been acknowledged to affect decomposition significantly, its mechanism is still 
not understood adequately. Our study examines the effect of pH over a wider range compared to 
other studies in literature that investigate this factor under strictly acidic or alkaline conditions. 
The CS2 generated measured from the SIBX solutions as a function of pH between 1.5 and 12.5 
is illustrated in Figure 4-4. 
 
 



















The CS2 generation profile indicates that the decomposition is higher under the acidic 
conditions. A maximum decomposition extent is observed at ca. pH 2.2. This observation is in 
accord with the findings of several researchers [76, 93, 98]. Notably, while we can confirm the 
occurrence of this maximum in our study using GC-MS, researchers using SFT only assumed it. 
CS2 generation drops drastically when pH is increased higher than 2.2, and then only decreases 
moderately as pH continues to increase. Such a negligible decrease in the CS2 generation at high 
pH agrees with Finkelstein’s result [78, 102], in which the decomposition is shown to decrease 
even though the decrease is minor. 
In order to understand how decomposition changes as a function of pH, the investigation 
of possible parallel or sequential reactions is necessary. Before any experimental effort is carried 
out, a list of possible parallel or sequential reactions is proposed here. These plausible parallel or 
sequential reactions accompanying the basic decomposition reaction (Eq. 4.1) are shown below: 
1. As shown in Section 4.2, at neutral pH (Region III) the decomposition follows: 
 
(CH3)2CHCH2OCS2Na + H2O ⟺ CS2 + (CH3)2CHCH2OH + NaOH 
---------- Eq. 4.1 
 
2. At decreased pH, the decomposition of SIBX can be rewritten as: 
 
(CH3)CHCH2OCS2Na + H
+ → (CH3)CHCH2OH + CS2 ↑ +Na
+ 




 This equation explains why decomposition increases when pH decreases (Region II). 




− + H+ → (CH3)CHCH2OCS2
−H+ 
---------- Eq. 4.7 
 
According to this reaction, SIBX is stabilized and CS2 generation would consequently be 
less at lower pH (Region I). Eq. 4.7 is the reaction of forming a xanthic acid-like compound 
(CH3)CHCH2OCS2
−H+or the protonated form of the xanthic acid, which stabilizes xanthate anion 
and prevents the decomposition [76, 93, 98].  
3. When pH increases (i.e. OH- increased), the OH- ions inhibits Eq. 4.1 from occurring, so 
the generation of CS2 is reduced. Furthermore, the CS2 generated starts interacting with 
OH
-





2− + 3H2O 





Combining Eq. 4.8 with Eq. 4.1, SIBX decomposition in weakly alkaline solution can be 
expressed as: 
 
6(CH3)CHCH2OCS2Na + 3H2O → 6Na
+ + 6(CH3)CHCH2OH + CO3
2− + 3CS2 + 2CS3
2−    
---------- Eq. 4.9 
 
This leads to less CS2 generated compared to that under neutral or acid conditions.  
When pH further increases, CS2 further interacts with OH
-
 via [113, 114]: 
 
CS2 + 6OH
− → 2S2− + CO3
2− + 3H2 
---------- Eq. 4.10 
 




− → Na+ + (CH3)CHCH2OH + CO3
2− + 2S2− + 2H2O 





The change of CS2 generation in Region IV can be explained by Eq. 4.9 and 4.11. It can 
be seen that CS2 will not be generated when Eq. 4.10 dominates under strong alkaline conditions. 
The above multiple reactions occurring in parallel and sequential provide a rationale for 
the decomposition behavior under different pH conditions. They resolve the conflicts in literature 
(e.g., whether there is a maximum and whether decomposition decreases in alkaline solution). 
Figure 4-5 shows a schematic of the likely types of compounds at different pH levels based on 
the above reactions. Compounds such as dixanthogen [97], perxanthate [74, 97], and monothio- 
and dithio- carbonates [94] that appear under alkaline conditions are also included. 
 
 
Figure 4-5 Distribution of Xanthate Compounds in Different pH Regions 
(CS2: carbon disulfide; R-OCS2
-






















Compared to the SFT method based on UV-vis spectroscopy, our GC-MS based method 
provides a direct approach for studying SIBX decomposition behavior and resolve the previous 
conflicts. The decomposition kinetics is able to be re-evaluated by the CS2 generation in the gas 
phase. The first order kinetics is verified by the linear relationship between the CS2 generation 
and the concentration of SIBX. The effect of crucial factors such as pH can be investigated in-
depth using this method. A systematic analysis over a wide range of pH is rationalized in terms 
of multiple reactions that occur in parallel and sequential along with the decomposition reaction. 
The decomposition maximum at a certain low pH is confirmed and plausible explanations are 
provided. SIBX decomposition in aqueous solutions acts as control to that under other conditions 
to be shown in Chapter 5 and 6. The effects of various processing related factors (such as metal 
ions and ore loading) can be analyzed by comparing SIBX decomposition behavior under the 











Chapter 5 Decomposition in Ore Pulp under Flotation Conditions 
 
Chapter 4 presents SIBX decomposition in aqueous solutions alone which is the control 
to that in ore pulp under flotation conditions discussed here in Chapter 5. Flotation is not only a 
process where complicated electrochemical reactions are taking place to promote the separation 
of minerals according to their surface hydrophobicity, but a reactor where multiple reactions can 
mutually affect the decomposition. Participation of the minerals interacting with SIBX could be 
one of most significant mechanisms that complicate the decomposition behavior in ore pulp 
under flotation conditions. In this chapter the performance evaluation of the experimental setup 
is shown at first to validate its feasibility to examine decomposition during flotation. Then the 
experimental results and the analysis conducted for SIBX decomposition in two types of ore 
pulps under two sets of flotation conditions are shown.  
 
5.1. Performance Evaluation of the Experimental Setup 
 
5.1.1. Air-Tightness of the Setup 
 
Leaks at any part of experimental setup lead to the loss of decomposition products to the 
gas phase, so the air-tightness needs to be checked before any investigation is conducted. The 
air-tightness of the experimental setup was examined in the presence and absence of collection 






Table 5-1 Air-Tightness of the Experimental Setup 
 
With Collection Assembly  Without Collection Assembly 
With Agitation  Without Agitation  With Agitation  Without Agitation  
Input (ml/min) Output (ml/min)  Output (ml/min) Output (ml/min) Output (ml/min) 
30  30  30  30  30  
40  40  40  40  40  
50  50  50  50  50  
60  60  60  60  60  
 
As seen from Table 5-1, the air input and output are in a very good agreement within the 
range of flow rate to be used in the experiments for SIBX decomposition. The entire setup is 
without leaks. Moreover, the micro-sized frits that are installed at the air output are not found to 
increase resistance for air passing through it. Therefore, it is feasible to use frits to prevent the 
ore pulp coming out of the flotation cell. 
 
5.1.2. Efficiency of Nuchar, Collection Assembly and the Entire Setup 
 
 Different known amounts of CS2 are used to examine the efficiency of Nuchar, the 
collection assembly and the entire setup. Below the range of 0.01 - 0.05 ml (i.e., 12.63 - 63.50 
mg) is used as an example to evaluate the efficiencies. The results are summarized in Table 5-2 






Table 5-2 CS2: Originally Added vs. Detected 
Originally Added 
(mg) 
Average Detected (mg) in the Test of Examining the Efficiency 
Nuchar Collection Assembly The Entire Setup 
12.63 9.13 10.89 8.38 
37.89 29.06 32.37 22.06 
63.15 45.94 52.65 34.65 
 
 
Figure 5-1 Relationship between Detected vs. Originally Added CS2 
 
The relationship between the detected and originally added carbon disulfide for Nuchar, 




Table 5-3 CS2: Relationship between “Originally Added” and “Detected” 
 




Nuchar 0.73 0.44 0.995 
Collection Assembly 0.83 0.65 0.999 
Entire Setup 0.52 1.99 0.998 
 
The efficiency of Nuchar, collection assembly and the entire setup are calculated as ca. 
70%, 80% and 50%, respectively. Nuchar has a satisfactory performance in adsorbing and then 
desorbing CS2, although the desorption can be enhanced if more than 3 hours are given. The loss 
due to the entire setup is 50% while for the collection assembly it is 20%, so the loss due to the 
reactor is around 30%. 
As it can be seen above, 0.01 - 0.05 ml (i.e., 12.63 - 63.50 mg) pure carbon disulfide are 
used to evaluate the efficiency of Nuchar, the collection assembly and the entire setup. The 
efficiencies obtained are subject to change if other dosages of CS2 are used. This means in the 
subsequent tests of investigating the generation of CS2 due to xanthate decomposition, it is 
necessary to re-evaluate these efficiencies according to the actual amount of CS2 generated from 
the decomposition. 
 
5.1.3. Detection of 1ppm CS2 from the Experimental Setup 
 
It is always useful to detect as low CS2 as possible. Since the regulations decrease the 
permissible limit of CS2 in the air to 1ppm, it is necessary to test whether 1ppm CS2 can be 




then the adsorbents (the activated carbon Nuchar, Toluene, and NaOH) were measured to see 
whether they have adsorbed any CS2. The results are shown in Figure 5-2. 
The chromatographs from the absorbents of toluene and NaOH do not indicate any CS2, 
while Nuchar shows a weak but distinguishable peak for it, as shown in Figure 5-2. The 
chromatograph for 1ppm CS2 in air directly detected by GC-MS is also shown in Figure 5-2 for 
comparison. It can be seen that a large proportion of the 1ppm CS2 is lost. While the parameters 
of GC-MS can be modified to further enhance the peak, the chromatographs suggest that 1ppm 
CS2 can be detected using our setup. 
 
 




5.2. Decomposition in Ore Pulp under Flotation Conditions 
 
5.2.1 Decomposition in Bessemer Matt Ore Pulp under Flotation Conditions 
 
Decomposition of SIBX in Bessemer Matt ore pulp was investigated under the Set 1 
flotation conditions with parameters shown in Table 3-5. These parameters are close to those 
used in the actual plant. The chromatograms obtained for the absorbents are shown in Figure 5-3. 
It can be seen that no decomposition products could be detected for SIBX in Bessemer Matt ore 
pulp under the Set 1 flotation conditions. The experimental setup is able to detect 1ppm CS2, 
suggesting that the generation of CS2 is less than 1ppm. In the plant operations, cases of higher 
than 1ppm CS2 are reported probably due to the fact that in our lab tests we tested in batch 
flotation mode while in plant the flotation is a continuous process. Moreover, the accumulation 






Figure 5-3 Chromatogram of the Absorbents for Decomposition in Ore Pulp under Set 1 
Flotation Conditions 
 
5.2.2. Decomposition in Ore #3170 Pulp under Flotation Conditions 
 
Under Set 1 flotation conditions, the decomposition is too low to be detected. However, it 
is necessary to see how decomposition is affected under the flotation conditions. Therefore, Set 2 
flotation conditions was chosen which differs mainly in the decomposition time and temperature 
compared to that of Set 1. The parameters for Set 2 flotation conditions are shown in Table 3-5. 
The time is extended to simulate the cumulative effects in plant. The temperature is increased to 
be higher than the boiling point of CS2 to facilitate its escape from the ore pulp. The ore used is 




In our previous studies of SIBX decomposition in aqueous solutions, the effects of time, 
pH and initial concentration of SIBX were examined. These factors except pH were also studied 
in Ore #3170 pulp under flotation conditions. Since the change of pH in the solution in the 
presence of minerals changes the surface composition and dissolving properties of the minerals, 
pH was kept at 9 in all tests. It is the optimal pH for the flotation of Ore #3170. Ore loading was 
added as another variable to examine its effect on decomposition.  
The performance of the setup was evaluated for the CS2 ranging from 0.023 to 0.925 mg. 
During this range, the relationship between the actual generated CS2 and the detected CS2 was 
calculated. Eq. 5.1 shows the relationship. Eq. 5.2 is used to calculate the Decomposition % 
(Percentage of decomposition) of SIBX. 
 
Generated = 2.062 × Captured + 0.202                                                                     










× 100%                           
----- Eq. 5.2 





The SIBX decomposition results in Ore #3170 pulp under Set 2 flotation conditions in 
terms of the CS2 generated and Decomposition% are listed in Table 5-4. Different initial SIBX 
concentration, flotation time and ore loading are combined to examine SIBX decomposition in 
the presence of ore. The effect of each variable is analyzed below in details. 
 
Table 5-4 CS2 Generated and Decomposition% under Set 2 Flotation Conditions 
Initial SIBX 
(mg) 




CS2  Generated (mg) Decomposition% 
Value Error Value Error 
40 0.5 30 0.162 0.0023 0.92 0.0132 
40 1 30 0.263 0.0149 1.49 0.0847 
40 2 30 0.323 0.0146 1.83 0.0829 
100 0.5 30 0.265 0.0029 0.60 0.0067 
100 1 10 0.495 0.0138 1.12 0.0313 
100 1 20 0.409 0.0147 0.93 0.0333 
100 1 30 0.380 0.0065 0.86 0.0147 
100 2 30 0.434 0.0279 0.98 0.0631 
200 1 10 0.848 0.0253 0.96 0.0286 
200 1 20 0.674 0.0414 0.76 0.0469 
200 1 30 0.393 0.0133 0.44 0.0151 
 
5.2.2.1. Effect of Flotation Time 
 
The decomposition in terms of CS2 generation is plotted in Figure 5-4 as a function of 
time. While the generation of CS2 follows the first order law in aqueous solutions, it obviously 
does not in the presence of the ore as the curves are not straight anymore. The slope of the curve 
keeps decreasing from the start to 0.5h, 0.5h to 1h and 1h to 2h. Moreover, the CS2 generated 
from 100mg SIBX is higher than that from 40mg SIBX, but the decomposition% of 100mg 





Figure 5-4 Decomposition vs. Time in Ore #3170 pulp under Set 2 Flotation Conditions 
 
Xanthate undergoes multiple reactions along with the decomposition in aqueous solutions. 
The system becomes more complicated and the multiple reactions further include the interactions 
between xanthate and minerals as well in the presence of the ore. Xanthate can interact with the 
ore in various ways and form the compounds (such as xanthate adsorbed on ore surfaces, metal 
xanthate adsorbed on ore surfaces and free metal xanthate in solution) that can also decompose. 
This can be the reason why the generation of CS2 no longer increased linearly with time, since 



















The evaluation for the decomposition kinetics in the presence of the ore is complex. It is 
difficult to capture the nature of all the compounds in the system, so it is challenging to construct 
a comprehensive list of rate equations. To compare with the rate constant obtained in solutions in 
the absence of the ore, a generic reaction Eq. 5.3 is used to calculate the average rate constant in 
the presence of the ore: 
 
(CH3)2CHCH2OCS2M → CS2                                                                                 
----- Eq. 3 
 where (𝐶𝐻3)2𝐶𝐻𝐶𝐻2𝑂𝐶𝑆2𝑀 is a general term representing all xanthate compounds that 
decompose (such as xanthate in solution, and the adsorbed xanthate on the ore surface). 
 





= k[(CH3)2CHCH2OCS2M]                           
----- Eq. 5.4 
 
ln[(CH3)2CHCH2OCS2M]t = −kt + ln[(CH3)2CHCH2OCS2M]0                        




where[(𝐶𝐻3)2𝐶𝐻𝐶𝐻2𝑂𝐶𝑆2𝑀]is the concentration of (𝐶𝐻3)2𝐶𝐻𝐶𝐻2𝑂𝐶𝑆2𝑀 ; k is the 
average rate constant; [(𝐶𝐻3)2𝐶𝐻𝐶𝐻2𝑂𝐶𝑆2𝑀]0 and [(𝐶𝐻3)2𝐶𝐻𝐶𝐻2𝑂𝐶𝑆2𝑀]𝑡 are the initial (at 
time=0) and residual (at time=t) (𝐶𝐻3)2𝐶𝐻𝐶𝐻2𝑂𝐶𝑆2𝑀 concentration in solution, respectively. 
 
The concentration of (CH3)2CHCH2OCS2M in solution after a certain decomposition time 
can be calculated based on the CS2 in the gas phase: 
 
ln[(CH3)2CHCH2OCS2M]t = ln ([(CH3)2CHCH2OCS2M]0 −
172
76
m(CS2)air)     
----- Eq. 5.6   
where 𝑚(𝐶𝑆2)𝑎𝑖𝑟 is the amount of CS2 in the gas phase. The CS2 generated partitions 
across the solution and gas phases. The partition value of CS2 is difficult to obtain in the solution 
containing xanthate, which is continuously decomposing. Thus, the calculation above only 
accounts for CS2 that ends up in the gas phase.  
 
The average rate constant in Ore #3170 pulp under flotation conditions based on the CS2 
generation is shown in Table 5-5. The constant decreases with time as well as the initial SIBX 
concentration. Compared to the rate constant of 0.128 h
-1
 which is obtained at 70°C in aqueous 
solutions (Chapter 4), the average rate constant in Ore #3170 pulp is one or two orders of 
magnitude smaller. It implies that the ore and the flotation conditions lower SIBX decomposition 




Table 5-5 Average Rate Constant 
Initial SIBX 
(mg) 
Average Rate Constant (h
-1
) 
Time=0h to Time=0.5h Time=0.5h to Time=1h Time=1 to Time=2h 
Value Error Value Error Value Error 
40 0.00923 0.00013 0.00577 0.00086 0.00347 0.00002 
100 0.00601 0.00007 0.00263 0.00009 0.00124 0.00050 
 
5.2.2.2. Effect of Initial SIBX Concentration  
 
Figure 5-5 shows the impact of initial SIBX concentration on SIBX decomposition in Ore 
#3170 pulp under the flotation conditions. When SIBX increases, the decomposition increases 
but decomposition% decreases, indicating that more SIBX gets stabilized by the ore with the 
increase of SIBX in the system although the overall decomposition still increases. Moreover, the 
three lines highlighted in the box in Figure 5-5 illustrate that with all the other parameters keep 
the same, decomposition increases by simply decreasing the ore loading from 30% (green), 20% 
(blue) to 10% (red). This again confirms the stabilizing effect of the ore on SIBX. Our previous 
study (Chapter 4) shows the linear increase of SIBX decomposition with the SIBX concentration 
in aqueous solutions. This pattern is not seen in the presence of the ore. The effect of the ore on 





Figure 5-5 Decomposition vs. Initial SIBX Concentration in Ore #3170 pulp under Set 2 
Flotation Conditions 
 
5.2.2.3. Effect of Ore Loading 
 
Figure 5-6 shows the effect of ore loading on SIBX decomposition. With the increase of 
ore loading, both decomposition and decomposition% decrease. The effect of ore loading is more 
significant at higher SIBX concentration than at lower SIBX concentration. At 30% ore loading, 



















from ca. 1% to 0.4% when SIBX is 200mg and the ore loading is increased from 10% to 30% in 
the system. The effect of ore loading again indicates the stabilizing effect of the ore on SIBX, 
and this effect is enhanced with the SIBX concentration in the system. 
 
 






















5.3. Hypothesis for Decomposition in Ore Pulp under Flotation Conditions 
 
The above results indicate that the ore plays an important role in affecting the xanthate 
decomposition. The ore stabilizes xanthate so that the decomposition is decreased. This effect of 
ore is further enhanced at either longer time (as the decomposition rate constant decreases with 
the passage of time) or higher SIBX concentrations (lower proportion of SIBX decomposes with 
the increase of SIBX concentrations).  
The complicated xanthate decomposition behavior is dictated by the complex nature of 
the ore pulp system under the flotation conditions. Xanthate can get involved in a variety of 
interactions in the ore pulp system that can add to the decomposition reaction and change the 
overall decomposition behavior. Various physical/chemical/electrochemical interactions along 
the decomposition reaction lead to the formation of various compounds of distinct decomposition 
properties. The overall decomposition is the result of xanthate and all its derivatives formed in 
solution and on the ore surfaces. An illustration is shown in Figure 5-7 to list several typical 






Figure 5-7 Formation of Various Compounds in the Ore Pulp under Flotation Conditions 
 
Eq. 5.3 can be expanded to include the compounds listed in Figure 5-7 to obtain the 
overall decomposition rate equation Eq. 5.7: 
 
R = k1[xanfree ion] + k2[xanmetal xanthate] + 2k3[xandixanthogen ]
1/2








Where k1, k2, k3, k4 k5 and k6 are the decomposition rate constant of free xanthate ion in 
solution, metal xanthate in solution, dixanthogen in solution, metal xanthate physically adsorbed 
on sulfide, metal xanthate chemically adsorbed on sulfide and dixanthogen adsorbed on sulfide 
respectively; [xanfree ion], [xanmetal xanthate], [xandixanthogen], [xanphysically adsorbed], [xanchemically adsorbed] 
and [xandixanthogen adsorbed] are the concentration of these compounds. 
 
Based on Eq. 5.7, our hypothesis for the effect of ore on xanthate decomposition is that: 1) 
k1 decreases in the presence of the ore compared to that in solutions without the ore; 2) k1>Σ[k2, 
k3, k4, k5 and k6], which means that the decomposition rate of xanthate ion is higher than that of 
total decomposition rate of xanthate derivatives. This could explains why when xanthate enters 
the ore pulp ([xanfree ion] starts decreasing while [xanmetal xanthate], [xandixanthogen], [xanphysically adsorbed], 
[xanchemically adsorbed] and [xandixanthogen adsorbed] begin increasing due to the interactions among 
xanthate and minerals), the overall decomposition decreases. However, individual decomposition 
behavior of a xanthate derivative is yet available, which means the exact values of k2, k3, k4, k5 
and k6 cannot be determined. The decomposition properties of the xanthate derivatives need to 
be further investigated. 
Meanwhile when the decomposition products such as CS2 transports through the ore pulp, 
they are subjected to the adsorption on the ore surfaces or get trapped in the suspensions with a 
slow transport rate because of high viscosity. This will also lead to the decomposition decrease 







In this chapter, a new method is shown that that has been developed with the focus on 
designing an experimental setup to simulate flotation conditions and collect the decomposition 
products. Feasibility of this setup has been evaluated in terms of the efficiency of collecting CS2 
as well as the capability of detecting low to 1ppm CS2. Application of setup to the investigations 
of xanthate decomposition under various flotation conditions indicates that the ore contributes 
significantly to the overall decomposition behavior. The ore can lead to the formation of various 
xanthate relevant compounds with different properties in decomposing. The hypothesis is that 
these compounds have an overall decomposition rate lower than that of free xanthate ion, which 
could account for the observation that xanthate decomposition is lower in the presence of the ore 
than the absence. Further studies are needed to understand the decomposition properties of the 
each individual compound that xanthate forms with the minerals. Such information will facilitate 
developing a decomposition model to predict xanthate decomposition under various flotation 










Chapter 6 Decomposition in Solutions Containing Metal Ions 
 
In Chapter 4 and 5 SIBX decomposition in aqueous solutions alone and in ore pulp under 
flotation conditions is shown. Comparing the results obtained for the decomposition behavior 
under the control and processing-related conditions, it is found that the ore (which is a mixture of 
various minerals) affects the decomposition significantly. This is because xanthate and minerals 
form various compounds which can also decompose and contribute to the overall decomposition. 
In this chapter the efforts to understand the decomposition behavior of some of the compounds 
formed between xanthate and the minerals are shown. The method used is essentially to mix the 
metal ion (main component of the mineral that interacts with xanthate) with xanthate and then 





 are typical metal ions in ore pulp to interact with xanthate and form the 
compounds that determine the hydrophobicity. Decomposition is studied as a function of time by 
tracking the compositional changes in different phases within a closed system where the metal 
ion and xanthate were mixed. Analysis by correlating the generation of decomposition products 
in the gas phase to the compositional change in the liquid and precipitate helps elucidate the 
decomposition pathways. Understanding of the decomposition properties of formed compounds 
complements the knowledge of the overall decomposition behavior of xanthate under various 
conditions. The compositional changes in the gas, liquid and precipitate phases were examined 
by GC-MS, UV-vis and HATR-FTIR, respectively, as a function of time for the Cu/SIBX, 
Fe/SIBX and Cu/Fe/SIBX systems. The effects of the type of metal ion, ratio of metal ion to 
SIBX, pH and temperature were examined. The different responses of xanthate decomposition in 




6.1. SIBX Decomposition in the Cu/SIBX System 
 
6.1.1. Change in the Gas Phase 
 
The generation of CS2 and COS in the gas phase of the Cu/SIBX system is shown in 
Figure 6-1 as a function of time up to 30min. Similar to SIBX decomposition under other 
conditions (e.g., in aqueous solutions alone or in ore pulp under flotation conditions), the major 
decomposition product in the gas phase of SIBX in the presence of Cu
2+
 is still CS2, although 
extremely low COS is detected. The higher the ratio of Cu/SIBX, the higher the generation of 
CS2 in the gas phase. CS2 increases with time, but the increasing rate decreases as time passes, 
which is different from what occurs in water. Such results suggest that Cu
2+
 in the solution has a 
depressing effect on the SIBX decomposition compared to SIBX decomposition in water. 
Decomposition does not follow a linear pattern as that in aqueous solutions alone. Cu
2+
 depresses 
SIBX decomposition, but the exact decomposition pathways need to be elucidated by finding out 
what occurs in the solution (both supernatant and precipitate). 
The compositional change in the gas phase of the Cu/SIBX system at 70°C was examined 
as well, and the results are shown in Figure 6-2. Since the change of CS2 is too small at various 
Cu/SIBX ratios compared to that in water at 70°C, the profile without the water control is shown 
on the left upper corner. The results at 70°C are similar to that at 25°C expect that at 70°C COS 
becomes more prominent. Both CS2 and COS are at least an order of magnitude higher than that 
at 25°C. The difference of SIBX decomposition in water and Cu/SIBX system at 70°C is more 
significant compared to that at 25°C. The increase of temperature enhances the depression effect 
of Cu
2+





(a) CS2 Generation 
 
(b) COS Generation 





(a) CS2 Generation 
 
(b) COS Generation 




6.1.2. Change in the Supernatant Phase 
 
The UV-vis spectra for the supernatant (i.e., the upper portion of the clear solution) are 
shown in Figure 6-3 for the Cu/SIBX system at different Cu/SIBX ratios. The spectra of Cu
2+
 
and SIBX are also shown for reference. SIBX solution presents the fingerprint bands of SIBX at 
226 and 301nm. When Cu
2+
 is mixed with SIBX, SIBX fingerprint bands become extremely low 
and then almost disappear with time. In fact, no compounds can be determined in the supernatant. 
For example, the UV-vis spectra of possible compounds such as CS2 (206.5nm), COS (225nm), 
xanthic acid (270.5nm), dixanthogen (241 and 286nm) and Cu2X2 (410nm) [108, 151-153] are 
not seen. Thus, in the supernatant of the solution, no xanthate related products are found. The 
observation in the gas phase is believed to have no relationship with the supernatant, so it is the 













6.1.3. Change in the Precipitate Phase 
 
Figure 6-4 shows the HATR-FTIR spectra which represent the compositional changes of 
precipitate in Cu/SIBX system as a function of time under different Cu/SIBX ratios. From the 
spectra, it can be seen that the peaks belonging to free xanthate disappear when Cu
2+
 is mixed 
with xanthate, indicating the formation of new compounds. In total two compounds can be 
identified as Cu2X2 (1201 and 1032cm
-1
) and X2 (1265 and 1043cm
-1
) at all Cu/SIBX ratios. This 
confirms the findings from several previous studies [108, 152-154]. The reaction between Cu
2+
 
and xanthate can be expressed by Eq. 6.1 below. 
 
2Cu2+ + 4X− → Cu2X2 + X2                                                                                 








Figure 6-4 Cu/SIBX System: Compositional Change in the Precipitate Phase 
 
Free xanthate on ZnSe has a constant intensity of 0.4 at all three Cu/SIBX ratios. The 




Figure 6-5 shows the peak areas of Cu2X2 and X2 normalized to that of the free xanthate. 
Since the band of Cu2X2 at 1032cm
-1
 overlaps with X2 at 1043cm
-1
, their peaks at 1201 and 1265 
cm
-1
 are used. From Figure 6-5, it can be seen that with the increase of Cu/SIBX ratio, both 
Cu2X2 and X2 decrease. At higher Cu/SIBX ratio, Cu2X2 and X2 do not change significantly as a 
function of time. The generation of both Cu2X2 and X2 are rigorous before the first measurement 
can be conducted at 2min, implying that they are formed right after SIBX is mixed with Cu
2+
. 
Once they are formed, they are contributing to the overall decomposition behavior of SIBX. 
 
Figure 6-5 Normalized Peak Area of Cu2X2 and X2 at Different Cu/SIBX Ratios 
 
From the compositional changes in the gas/supernatant/precipitate, a correlation between 
the change of CS2 in the gas and the change of Cu2X2 and X2 in the precipitate can be found: 
with the increase of Cu/SIBX ratio, the generation of CS2 decreases in the gas phase while Cu2X2 
and X2 decrease in the precipitate (as shown in Figure 6-1 and 6-5). Therefore, both Cu2X2 and 
X2 are responsible for the CS2 generation in the gas phase. The discussion on how Cu2X2 and X2 
quantitatively determine the CS2 generation is shown in Chapter 8, in which the model and 




6.1.4. Effect of pH on SIBX Decomposition in the Cu/SIBX System 
 
pH of the Cu/SIBX system is shown in Figure 6-6 at different Cu/SIBX ratios. Cu/SIBX 
solutions are all slightly acidic: the higher Cu/SIBX ratio, the lower the pH. A fixed pH of 9 was 
used to evaluate the decomposition compared to that at the natural pH for the Cu/SIBX system. 
Figure 6-7 and 6-8 illustrate the change in the gas and precipitate for the SIBX decomposition at 
Cu/SIBX=1/2 at pH 9 and natural pH (ca. 6.25). The comparison indicates that decomposition 
into CS2 is lower at pH 9 than that at natural pH. Although COS is higher at pH 9, it is still very 
low and can be regarded as negligible. Cu2X2 and X2 are higher at natural pH than that at pH 9. 
The correlation between the CS2 in the gas phase and Cu2X2 and X2 in the precipitate again 
confirms that the changes of Cu2X2 and X2 are responsible for the generation of CS2. 
 
 





Figure 6-7 Cu/SIBX System: Decomposition Products in the Gas Phase at Different pH 
 




6.1.5. Short Summary of SIBX Decomposition in the Cu/SIBX System 
 
From the change of CS2 in the gas phase, it can be seen that SIBX decomposition in the 
Cu/SIBX system is lower than that in water. Cu
2+
 is considered to have a depressing effect on 
SIBX decomposition, and this effect is enhanced at higher temperatures. With the increase of 
Cu/SIBX ratio, the decrease of CS2 in the gas phase is accompanied by the decrease of Cu2X2 
and X2 in the precipitate. Since no detectable xanthate relevant compounds are found in the 
supernatant of the Cu/SIBX solution, the decrease of CS2 can be ascribed to the Cu2X2 and X2 in 
the precipitate. This relationship can be confirmed by the change of pH: when pH is increased 
from 6.25 to 9, CS2 decreases in the gas phase while Cu2X2 and X2 also decrease in the 
precipitate. Therefore, in the Cu/SIBX system Cu
2+
 and SIBX form two major compounds Cu2X2 
and X2 which decompose into CS2 at an overall smaller rate than that of SIBX. 
 
6.2. SIBX Decomposition in the Fe/SIBX System 
 
6.2.1. Change in the Gas Phase 
 
The generation of CS2 and COS in the gas phase of the Fe/SIBX system is shown in 
Figure 6-9 as a function of time up to 30min. Both CS2 and COS are the major decomposition 
products in the gas phase, unlike in the other systems (the SIBX or Cu/SIBX systems) in which 
COS is very low and regarded as negligible. CS2 ranges from one to two orders of magnitude 
higher in the Fe/SIBX system compared to that in water at different Fe/SIBX ratios. CS2 is 




initially increases but reaches constant after 10min. The higher the ratio of Fe/SIBX leads to the 
higher CS2 and COS in the gas phase. It suggests that Fe
3+
 promotes SIBX decomposition. SIBX 
decomposition does not follow a linear pattern as SIBX does in water. The supernatant and 
precipitate need to be examined subsequently to see whether and how they lead to the changes in 
the gas phase. 
 
 





(b) COS Generation 
Figure 6-9 Fe/SIBX System: Decomposition Products in the Gas Phase at 25°C 
 
Fe/SIBX system was examined as well at 70°C, and the generation of the decomposition 
products is shown in Figure 6-10. Other than CS2 and COS, a third compound SO2 is detected. 
While COS keeps increasing, CS2 increases initially but decreases after ca. 5min. SO2 appears at 
different time based on the Fe/SIBX ratio: the higher the Fe/SIBX ratio, the earlier the SO2 is 
detected. CS2 is believed to be oxidized to SO2 due to the strong oxidative effect of Fe
3+
 at 70°C. 
With the increase of Fe/SIBX ratio, the total of CS2, COS and SO2 in the gas phase get higher. 
The magnitudes of CS2 and COS at 70°C are at least ten times higher compared to that at 25°C. 
Therefore, the effect of Fe
3+
 of promoting SIBX decomposition is enhanced with the increase of 
temperature, and due to the oxidative effect of Fe
3+
 new decomposition product such as SO2 





(a) CS2 Generation 
 





(c) SO2 Generation 
Figure 6-10 Fe/SIBX System: Decomposition Products in the Gas Phase at 70°C 
 
6.2.2. Change in the Supernatant Phase 
 
Compositional change of the supernatant of the Fe/SIBX solutions at different Fe/SIBX 
ratios is shown in Figure 6-11 as a function of time. In contrast to Cu/SIBX system, xanthate 
(301 and 226nm) and CS2 (206.5nm) are evidently present at all Fe/SIBX ratios. Xanthate peaks 
decrease with time. At Fe/SIBX=2/3, they disappear completely after 30min. CS2 increases with 
time, indicating the generation of CS2 is rigorous from SIBX decomposition in solution. Other 
possible compounds such as COS (225nm), xanthic acid (270.5nm) and dixanthogen (241 and 
286nm) [107, 108, 154, 155] are not found. The decreased SIBX is assumed to interact with Fe
3+
 











Figure 6-11 Fe/SIBX System: Compositional Change in the Supernatant Phase 
 




 interacts with xanthate and form FeX3, which however does not decompose into 
FeX2 and X2. This is different from Cu
2+
 interacting with xanthate as Eq. 6.1 shows (Cu
2+
 after 
interacting with xanthate forms CuX2 which immediately decomposes into Cu2X2 and X2). FeX2 
only exists at certain conditions, such as, at high concentrations and neutral or reducing 
conditions [107, 108, 154, 155]. X2 can be formed when FeX3 reacts via the following reaction: 
 
 2FeX3 + 3H2O +
3
2
O2 + 6CO2 → 3X2 + 2Fe
3+ + 6HCO3
−                                   





Figure 6-12 shows HATR-FTIR spectra which represent the formation and subsequent 
changes of the precipitate in the solution of the Fe/SIBX system at different Fe/SIBX ratios as a 
function of time. From the spectra, FeX3 (1231 and 1050 cm
-1
) and X2 (1256 and 1028 cm
-1
) are 
determined based on the C-O-C and S-C-S band assignments. According to the spectrum of 
xanthate on Ge, the IR intensity of the spectra of Fe/SIBX system increases with the Fe/SIBX 
ratio, unlike Cu
2+
 of which IR intensity decreases with the increased Cu/SIBX ratio. There is a 
turning point at the medium Fe/SIBX ratio: when Fe/SIBX=1/6, the bands for FeX3 and X2 both 
increase; however at Fe/SIBX=1/3, the bands for FeX3 and X2 both increase initially, but after 
20min FeX3 decreases while X2 keeps increasing; at Fe/SIBX=2/3, the behavior of FeX3 and X2 













Since the peaks of FeX3 and X2 overlap, the peak area could not be determined for each 
compound. Therefore, the peak height is used instead of peak area to compare the quantities of 
these two compounds. Figure 6-13 shows the band height of 1050 cm
-1
 (FeX3) and 1028cm
-1
 (X2) 
normalized to the band height of free xanthate on Ge at the different Fe/SIBX ratios. Both FeX3 
and X2 are higher at higher Fe/SIBX ratio than that at the lower ratio. 
 
 
Figure 6-13 Normalized Height of FeX3 and X2 at Different Fe/SIBX Ratios 
 
The characterization of the gas, supernatant and precipitate for the Fe/SIBX system at 
different Fe/SIBX ratios as a function of time indicates that 1) SIBX decomposition increases (as 
CS2 and COS increase in the gas phase) with the Fe/SIBX ratio; 2) in supernatant, the higher the 
Fe/SIBX ratio, the faster SIBX decreases from the supernatant; 3) in precipitate, both FeX3 and 






forms FeX3 and X2 in the precipitate. The higher the Fe/SIBX ratio, the faster SIBX decreases 
from solution and ends up in the precipitate. That is the reason why higher FeX3 and X2 are 
observed with the increasing Fe/SIBX ratio. The increase of decomposition products of CS2 and 
COS in the gas phase is from the decomposition of FeX3 and X2 formed in the precipitate. With 
the increasing Fe/SIBX ratio, the increasing FeX3 and X2 in the precipitate lead to the increasing 
CS2 and COS in the gas phase.  
 
6.2.4. Effect of pH on SIBX Decomposition in the Fe/SIBX System 
 
pH of the Fe/SIBX system is shown in Figure 6-14 at different Fe/SIBX ratios. Fe/SIBX 
solutions are all acidic, and pH of the solution decreases with the increase of Fe/SIBX ratio.  
 
 




Similar to the Cu/SIBX system, the Fe/SIBX system was examined at a fixed pH to test 
the conclusions drawn at natural pH (5.2~6.5). Compositional changes in the gas, supernatant 
and precipitate at pH 9 and natural pH are shown in Figures 6-15, 6-16 and 6-17 at Fe/SIBX=1/6. 
It can be seen from Figure 6-15, with the increase of pH, SIBX decomposition into CS2 and COS 
is lower at pH 9 than that at natural pH. Figure 6-16 shows that free xanthate is found in the 
supernatant up to 30min while CS2 is almost unnoticeable at pH 9, suggesting an overall lower 
decomposition at pH 9 compared to that at natural pH. Figure 6-17 indicates that FeX3 and X2 
formed in the precipitate are lower compared to that at natural pH. Therefore, the correlation 
between FeX3 and X2 in the precipitate and CS2 and COS in the gas phase is confirmed at pH 9, 
suggesting that FeX3 and X2 are responsible for the generation of CS2 and COS. 
 
 





Figure 6-16 Fe/SIBX System: Change in the Supernatant Phase at Different pH 
 
 




6.2.5. Short Summary of SIBX Decomposition in the Fe/SIBX system 
 
From the change of CS2 and COS in the gas phase, it can be seen that SIBX 
decomposition in the Fe/SIBX system is higher than that in water. Fe
3+ 
is considered to have a 
promoting effect on SIBX decomposition, and this effect is enhanced at higher temperatures. 
With the increase of Fe/SIBX ratio, the increase of CS2 and COS in the gas phase is 
accompanied by the increase of FeX3 and X2 in the precipitate. Therefore, the generation of CS2 
and COS could be ascribed to the FeX3 and X2 in the precipitate. This relationship is again 
confirmed when pH is increased from natural pH to pH 9: CS2 and COS decrease in the gas 
phase while FeX3 and X2 decrease in the precipitate. Thus, in the Fe/SIBX system Fe
3+
 and SIBX 
form two major compounds FeX3 and X2 which decompose into CS2 and COS at a higher rate 
than that of SIBX. 
 
6.3. SIBX Decomposition in the Cu/Fe/SIBX System 
 




) has been found to have distinctive effect on SIBX 
decomposition. Competition between the two metal ions to interact with SIBX is believed to 
affect the subsequent SIBX decomposition. The ratio of Cu/Fe/SIBX=3/2/6 was chosen (for Cu
2+
, 
Cu/SIBX=1/2 leads to Cu2X2 and X2 according to Eq. 6.1; for Fe
3+
, Fe/SIBX=1/3 results in FeX3 
according to Eq. 6.2). The pH of the Cu/Fe/SIBX system at Cu/Fe/SIBX=3/2/6 is 6.3. Figure 6-
18, 6-19 and 6-20 present the compositional changes in the gas, supernatant and precipitate of 
the Cu/Fe/SIBX system at Cu/Fe/SIBX=3/2/6. Results from Cu/SIBX system at Cu/SIBX=1/2 










From Figure 6-18, it can be seen that the decomposition products in the Cu/Fe/SIBX 
system include both CS2 and COS. Their quantities are between those of Fe/SIBX and Cu/SIBX 




 contribute to the decomposition. From Figure 6-19 
and 6-20 which illustrate the change in the supernatant and precipitate of the Cu/Fe/SIBX system 
as a function of time, it can be seen that the spectra of the supernatant and precipitate are quite 
similar to that of Cu/SIBX. For example, in the supernatant the distinguishable bands of xanthate 
(301 and 226nm) and CS2 (206.5nm) are not observed, indicating that the xanthate related 
compounds are located in the precipitate; in the precipitate, bands of the formed compounds in 
the Cu/Fe/SIBX system are same as those in the Cu/SIBX system instead of the Fe/SIBX system.  
 
 






(a) Cu/Fe/SIBX and Cu/SIBX Systems 
 
(b) Cu/Fe/SIBX and Fe/SIBX Systems 




The results suggest that Cu
2+
 plays a more dominant role in interacting with SIBX than 
Fe
3+
 in the solution (both supernatant and precipitate). However, it is possible that Cu2X2 might 
be more attachable to the HATR-FTIR element than FeX3. Therefore, the relationship between 
the generation of decomposition products and the compositional changes in the precipitate 








 are found to have completely opposite effects on SIBX decomposition: 
Cu
2+
 depresses while Fe
3+
 promotes the decomposition. The method based on analyzing the gas, 
supernatant and precipitates phases simultaneously within a closed system allows correlating the 





 relies on the different compounds formed between SIBX and the 
metal ion. SIBX forms Cu2X2 and X2 upon mixing with Cu
2+
. Cu2X2 has a smaller 
decomposition rate than SIBX. Increasing Cu
2+
 in the system decreases Cu2X2 and X2, leading to 
the decrease of decomposition in the presence of Cu
2+
. On the other hand, Fe
3+
 interacts with 
SIBX and forms FeX3 and X2. FeX3 decomposes more readily than SIBX. FeX3 increases with 
the increase of Fe
3+
 in the system, so SIBX decomposition becomes stronger. The increase of 
temperature can further enhance the depressing effect of Cu
2+
 or the promoting effect of Fe
3+
 on 





decomposition is between that with individual metal ion. However, SIBX is found to interact 
mainly with Cu
2+
 in solution. The knowledge on the competition between mixed metal ions on 




Chapter 7 Decomposition of Other Mining Reagents 
 
Mining reagents (such as PAX, DEDTC, DBDTC, DTP and DTPI) other than SIBX were 
examined using the methods that were developed to study SIBX decomposition under various 
conditions. The purpose is to evaluate the methods developed for the different conditions and test 
the conclusions drawn upon the SIBX decomposition. Moreover, the decomposition behavior of 
these reagents is studied for the first time. Similar to xanthate, knowledge on the decomposition 
behavior of most mining reagents is very limited. 
The decomposition study for these reagents starts from the decomposition in aqueous 
solutions alone, which serves as control to those subsequently studied conditions of being in ore 
pulp under flotation conditions and in solutions containing metal ions. The effect of pH, ore 
loading, concentration, temperature, and type and concentration of metal ions are studied for 
these reagents. 
 
7.1. Decomposition of Mining Reagents in Aqueous Solutions Alone 
 
PAX (Potassium Amyl Xanthate) is another type of xanthate similar to SIBX (Sodium 
iso-Butyl Xanthate) commonly used in flotation operations except PAX has a longer alkyl chain 
than SIBX. In the literature on decomposition in aqueous solutions, one study shows that the 
stability of xanthate increases with the increase in alkyl chain length [12, 64]. The aim of our 
study is to test this conclusion and conduct further investigation to understand the decomposition 




7.1.1. Decomposition of PAX 
 
PAX decomposition was examined at different temperatures as a function of time. The 
results of SIBX decomposition under the same condition are included to compare. The results are 
shown in Figure 7-1. 
 
 
Figure 7-1 Decomposition of PAX and SIBX in Aqueous Solutions at 25 and 50°C 
 
Decomposition of PAX is lower than that of SIBX at both temperatures, suggesting that 
the attraction between the alkyl chain and α-carbon in the xanthate molecule is stronger when the 



















Moreover, a linear relationship between the CS2 generation and time can be seen from 
Figure 7-1, which is a typical feature of the decomposition under an idealized condition (i.e., in 
aqueous solutions alone). In Chapter 4, the kinetics has been found to follow the first order law, 
so the rate constant can be calculated using the same procedure. The rate constant calculated for 
PAX and SIBX at different temperatures is summarized in Table 7-1. The rate constants for PAX 
at different temperatures are smaller than that of SIBX, so PAX decomposition is lower than 
SIBX decomposition after the same period of time. 
 
Table 7-1 Decomposition Rate Constant of PAX and SIBX 
Temperature (°C) Xanthate Rate Constant ( h
-1
) Standard Error Linear Fit – R
2
 
25 SIBX 9.3E-04 3.4E-05 0.98 
PAX 5.6E-04 3.6E-05 0.98 
50 SIBX 1.7E-02 2.7E-04 0.99 
PAX 1.2E-02 4.1E-04 0.99 
 
7.1.2. Decomposition of DEDTC and DBDTC 
 
Similar to SIBX and PAX, two dithiocarbamates (DEDTC and DBDTC) were chosen to 
examine their decomposition behavior. Dithiocarbamate and xanthate both have the –CS2 moiety 
in the molecular structure, except that it is oxygen between –CS2 and alkyl chain in the structure 
of xanthate and nitrogen in that of dithiocarbamate. The electro-negativity of oxygen is stronger 
than that of nitrogen, but it is not known yet whether the stability of dithiocarbamate is lower 







Figure 7-2 Decomposition of DEDTC and DBDTC in Aqueous Solutions at 25 and 50°C 
 
Decomposition of dithiocarbamate is found to be lower than that of xanthate according to 
Figure 7-1 and 7-2, suggesting that dithiocarbamate has a higher stability than xanthate. It 
implies that although the electro-negativity of oxygen is stronger than that of nitrogen, –CS2 
attaches to the alkyl chain more firmly in dithiocarbamate than xanthate. Dithiocarbamate, 
similar to xanthate, has higher stability when the alkyl chain gets longer. The rate constants for 
DEDTC and DBDTC have been calculated based on the first order kinetics, and are listed in 
Table 7-2. It can be seen that the decomposition difference between DEDTC and DBDTC is 
smaller than that between SIBX and PAX. This might be due to the fact that the decomposition 



















Table 7-2 Decomposition Rate Constant of DEDTC and DBDTC 
Temperature (°C) DTC Rate Constant ( h
-1
) Standard Error Linear Fit – R
2
 
25 DEDTC 3.4E-04 1.7E-05 0.99 
DBDTC 3.1E-04 1.7E-05 0.98 
50 DEDTC 9.3E-03 3.2E-04 0.99 
DBDTC 7.5E-03 3.3E-04 0.99 
 
7.1.3. Decomposition of DTP and DTPI 
 
The decomposition of DTP and DTPI has been found to be different from xanthate and 
dithiocarbamate, but it has not been systematically studied. The effects of decomposition time, 
pH, temperature and initial concentration on the decomposition of DTP and DTPI were evaluated 
in aqueous solutions.  
Figure 7-3 shows the GC-MS chromatographs of the decomposition products from DTP 
and DTPI at various time intervals. No decomposition product can be found up to 60min. 







(a) DTP as a function of Time 
 
(b) DTPI as a function of Time 





Figure 7-4 shows the GC-MS chromatographs of the decomposition products from DTP 
and DTPI at three pH levels. In the literature it is found that acidic environment enhances the 
decomposition, but the decomposition might still be too low to be detected in this study. 
 
 





(b) DTPI as a function of pH 
Figure 7-4 Decomposition of DTP/DTPI as a function of pH 
 
Figure 7-5 shows the GC-MS chromatographs of the decomposition products from DTP 
and DTPI at different concentrations. As the concentration increases, a variety of decomposition 
products start to appear. For both DTP and DTPI, the types of decomposition products increase 
with the concentration. The composition of the decomposition products in the gas phase is 
summarized in Table 7-3. Prior studies found in the literature indicate the formation of olefins 
and thiols which are from the breakup of DTP or DTPI molecule. Rearrangement usually occurs 
so a variety of small molecules could be formed [120-123]. These small molecules can further 
interact with water before escaping from the solution. Therefore, compounds listed in Table 7-3 






(a) DTP as a function of Concentration 
 
(b) DTPI as a function of Concentration 





Table 7-3 Decomposition of DTP/DTPI at Different Concentrations 
Reagent 
Decomposition Products Detected 
2mg/10ml 20mg/10ml 200mg/10ml 
DTP None 
9.35min: 3-Methyl Pentane 
9.45min: Hexane 
9.50min: Methyl Cyclopentane 
7.70min: Ethanol 
8.50min: Isopropyl Alcohol 
9.35min: 3-Methyl Pentane (minor) 
9.45min: Hexane (minor) 
9.50min: Methyl Cyclopentane (minor) 
9.70min: 2-Butanol 
9.87min: 2-Methyl 1-Propanol 
10.90min: Butadiene 
12.00min: Di-sec-Butyl Ether 
14.00min: Sulfide Butyl Propenyl 
DTPI None 
9.35min: 3-Methyl Pentane 
9.45min: Hexane 
9.50min: Methyl Cyclopentane 
10.90min: Butadiene (minor) 
9.35min: 3-Methyl Pentane 
9.45min: Hexane 
9.50min: Methyl Cyclopentane 
10.90min: Butadiene (major) 
 
Figure 7-6 and 7-7 display the GC-MS chromatographs of the decomposition products 
from DTP and DTPI at ambient and an elevated temperature. The decomposition at these two 
temperatures was examined at different concentrations of DTP and DTPI. Table 7-4 lists all the 
decomposition products detected. At the same concentration of DTP or DTPI, higher temperature 
increases the peak of the products on the chromatographs, suggesting that the decomposition is 
enhanced. Meanwhile higher temperature also leads to the appearance of new products that are 






(a) 2mg/10ml DTP as a function of Temperature 
 





(c) 200mg/10ml DTP as a function of Temperature 
Figure 7-6 Decomposition of DTP as a function of Temperature 
 
 





(b) 20mg/10ml DTPI as a function of Temperature 
 
(c) 200mg/10ml DTPI as a function of Temperature 









Decomposition Products Detected 
25°C 70°C 
 2mg/10ml None 
DTP 
20mg/10ml 




8.50min: Isopropyl Alcohol 
9.35min: 3-Methyl Pentane (minor) 
9.45min: Hexane (minor) 
9.50min: Methyl Cyclopentane (minor) 
9.70min: 2-Butanol 




8.50min: Isopropyl Alcohol 
9.35min: 3-Methyl Pentane (minor) 
9.45min: Hexane (minor) 
9.50min: Methyl Cyclopentane (minor) 
9.70min: 2-Butanol 
9.87min: 2-Methyl 1-Propanol 
10.90min: Butadiene 
12.00min: Di-sec-Butyl Ether 




11.92min: Ethyl n-Butyl Disulfide 
20mg/10ml 9.35min: 3-Methyl Pentane 
9.45min: Hexane 
9.50min: Methyl Cyclopentane 




7.2. Decomposition of Mining Reagents in Ore Pulp under Flotation Conditions 
 
Similar to SIBX, the decomposition of PAX, DEDTC, DBDTC, DTP and DTPI was 
examined in ore pulp under two sets of flotation conditions (Chapter 3). The decomposition of 
these reagents is however too low to be detected using our experimental setup (Figure 3-3) which 
is capable of detecting 1ppm CS2 in the reactor. The dosage of these reagents was manually 
increased to 10 times higher than that used in practice, but still no decomposition products were 
detected. It implies that decomposition of these reagents is below the 1ppm limit under all the 




7.3. Decomposition of Mining Reagents in Solutions of Metal Ions 
 
Compared to SIBX, the decomposition of PAX, DEDTC and DBDTC in ore pulp under 
flotation conditions is too low to be detected. The cause is the interactions between the reagent 
and the minerals (especially the metal ions). Therefore, the decomposition of PAX, DEDTC and 
DBDTC was examined in aqueous solutions containing metal ions. The purpose is to evaluate 
how the interactions between a metal ion and the reagent affect the overall decomposition in the 
system. The generation of the decomposition products in the gas phase is the result of the 
interactions in the solution. The CS2 generation from the decomposition of PAX, DEDTC and 




 ion is shown below in Figure 7-8 and 7-9. 
SIBX is also included as comparison. For each reagent, the decomposition of reagent in aqueous 
solutions in the absence of metal ions is plotted for reference in the figures. The results are 
shown as CS2 (mol)/Reagent (mol) against time for each reagent to compare the stability or 






(a) Cu/SIBX System 
 





(c) Cu/DEDTC System 
 
(d) Cu/DBDTC System 







(a) Fe/SIBX System 
 





(c) Fe/DEDTC System 
 
(d) Fe/DBDTC System 
Figure 7-9 Decomposition of SIBX, PAX, DEDTC and DBDTC in Fe
3+






 solutions, the trend is: decomposition in the presence of the Cu
2+
 is lower than 
that in the absence; except for SIBX, decomposition is initially slightly higher in the presence of 
Cu
2+
 than the absence; with the increase in the Cu/Reagent ratio, the CS2 generation decreases. 
The effect of Cu
2+
 on PAX, DEDTC and DBDTC confirms the previous conclusion made for 
SIBX: Cu
2+
 has a depressing effect on the decomposition. The decomposition of the reagents in 
the presence of Cu
2+
 follows: SIBX>PAX>DEDTC>DBDTC, which is the same order when 
these reagents decompose in aqueous solutions in the absence of any metal ion. Thus, it suggests 
that PAX, DEDTC and DBDTC have lower tendency towards decomposition than SIBX, and 
meanwhile the compounds formed by PAX, DEDTC or DBDTC with Cu
2+
 also have lower 
decomposition capability than the compounds formed between SIBX and Cu
2+
. Figure 7-10 
shows the CS2 generation for each mining reagent normalized to that under control (i.e., in the 
absence of the metal ion) at different Cu/Reagent ratios at decomposition time of 20min. It can 
be seen that the depressing effect of Cu
2+
 on the decomposition of these mining reagents follow 
the order of DBDTC>DEDTC>PAX>SIBX. In the Fe
3+
 solutions, the trend is: decomposition in 
the presence of Fe
3+
 is all higher than that in the absence; the higher the Fe/Reagent ratio, the 
higher the CS2 generation is. Thus, the promoting effect on of Fe
3+
 on SIBX decomposition is 
again observed for PAX, DEDTC and DBDTC. The promoting effect of Fe
3+
 on these reagents 
follows: SIBX>PAX>DEDTC>DBDTC. It suggests that the compounds formed by PAX, 
DEDTC or DBDTC with Fe
3+
 have lower tendency towards decomposition than that formed by 
SIBX and Fe
3+
. Figure 7-11 shows the CS2 generation for each mining reagent normalized to that 
under control (i.e., in the absence of the metal ion) at different Fe/Reagent ratios at 
decomposition time of 20min. It can be seen that the promoting effect of Fe
3+
 on the 





Figure 7-10 CS2 Generation of Various Mining Reagent as a Function of Cu/Reagent Ratio 
 
 









 indicates the depressing effect of Cu
2+
 and promoting effect of Fe
3+
 on decomposition 
of SIBX, PAX, DEDTC and DBDTC. It implies that the compounds formed by SIBX, PAX, 
DEDTC and DBDTC with Cu
2+
 have lower decomposition tendency than the reagent itself, 
while the compounds formed by SIBX, PAX, DEDTC and DBDTC with Fe
3+
 have higher 
decomposition tendency than the reagent itself. Moreover, the compounds formed by these 




 have the tendency towards decomposition in the order of 
SIBX>PAX>DEDTC>DBDTC. This implies why the decomposition of PAX, DEDTC and 
DBDTC are too low to be detected in ore pulp compared to that of SIBX. This is because the 
compounds formed by PAX, DEDTC and DBDTC have lower decomposition than that by SIBX. 
The decreasing decomposition tendency in the order of SIBX, PAX, DEDTC and DBDTC in the 




 can be due to the following possible reasons: 1) dithiocarbamate’s  



















 increases, making PAX is more stable than SIBX and DBDTC more stable 
than DEDTC. Further investigation is required to fully understand the exact bonding properties 








Chapter 8 Development of Decomposition Model 
 
Experimental efforts in previous chapters present an essential way to provide the missing 
information on the decomposition behavior of mining reagents. While further explorations based 
on developing new methods are necessary, it is crucial to develop the decomposition model and 
simulation that are complementary to the experimental results. The experimental results obtained 
in previous chapters provide the basis to the model development, and the model and simulation 
to be shown in this chapter guide the experimental efforts in future directions. 
 
8.1. Overall Idea for Developing the Decomposition Model 
 
Figure 8-1 displays a list of possible pathways that a reagent can undergo in the ore pulp. 
Reagents such as xanthate, dithiocarbamate, dithiophosphate and dithiophosphinate can form 
various compounds with the minerals constituting the ore. The list of those compounds include 
those existing in the aqueous solutions (such as hydrolyzed/ionic reagent anion, metal/reagent 
complex and reagent dimer) and those attached to mineral surfaces (such as physically adsorbed 
anion, chemically adsorbed anion and reagent dimer on sulfides). Compounds such as reagent 
dimer can appear both in solution and on mineral surfaces, depending whether the metal ion is in 
solution dissolved from the mineral or in lattice of the mineral at the time when it interacts with 
the reagent. These compounds have different properties in decomposition kinetics with respect to 






Figure 8-1 Possible Decomposition Pathways in Ore Pulp  
 
CS2 Detected = Decomposition-Adsorption on Minerals-Dissolution -Trap in Ore Pulp 
---------- Eq. 8.1 
 
Each individual term on the right side of the equation can be a complex function of 
several variables within the system, such as structure and concentration of reagent, mineral 
(surface composition and metal ions in solution), pH, O2, temperature, agitation, aeration, 




Decomposition = Function (structure and concentration, mineral, pH, O2, temperature) 
---------- Eq. 8.2 
 
Adsorption on Minerals = Function (mineral, pH, O2) 
---------- Eq. 8.3 
 
Dissolution = Function (structure and concentration, mineral, agitation, aeration) 
---------- Eq. 8.4 
 
Trap in Ore Pulp = Function (mineral, agitation, aeration, viscosity, diffusion) 
---------- Eq. 8.5 
 
Each equation presents a complicated relationship between the process and the variables, 
and requires comprehensive investigation to establish. Due to lack of studies in literature on the 
decomposition behavior of reagents, developing a model for decomposition is difficult. Our work 
shown below started with the fundamental ideas and mechanisms to establish the decomposition 
model step by step. The effort is focused mainly on the process of all the possible decomposition 




8.2. Decomposition Reactions 
 
The decomposition of the compounds listed in Figure 8-1 can be expressed as below: 
 
𝑅𝑒𝑎𝑔𝑒𝑛𝑡𝑓𝑟𝑒𝑒 𝑖𝑜𝑛 → 𝐶𝑆2  , k1 
---------- Eq. 8.6 
 
𝑅𝑒𝑎𝑔𝑒𝑛𝑡𝑚𝑒𝑡𝑎𝑙 𝑟𝑒𝑎𝑔𝑒𝑛𝑡⁄  𝑐𝑜𝑚𝑝𝑙𝑒𝑥 → 𝐶𝑆2 , k2 
---------- Eq. 8.7 
 
𝑅𝑒𝑎𝑔𝑒𝑛𝑡𝑑𝑖𝑚𝑒𝑟 → 2𝐶𝑆2 , k3 
---------- Eq. 8.8 
 
𝑅𝑒𝑎𝑔𝑒𝑛𝑡𝑝ℎ𝑦𝑠𝑖𝑐𝑎𝑙𝑙𝑦 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 → 𝐶𝑆2 , k4 
---------- Eq. 8.9 
 
𝑅𝑒𝑎𝑔𝑒𝑛𝑡𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙𝑙𝑦 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 → 𝐶𝑆2 , k5 




𝑅𝑒𝑎𝑔𝑒𝑛𝑡𝑑𝑖𝑚𝑒𝑟 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 → 𝐶𝑆2 , k6 
---------- Eq. 8.11 
 
where k1, k2, k3, k4, k5 and k6 are the decomposition rate constant of reagent anion in 
solution, metal/reagent complex in solution, dimer in solution, reagent physically adsorbed on 
sulfide, reagent chemically adsorbed on sulfide and dimer adsorbed on sulfide respectively. 
 




= {𝑘1[𝑅𝑒𝑎𝑔𝑒𝑛𝑡𝑓𝑟𝑒𝑒 𝑖𝑜𝑛] + 𝑘2[𝑅𝑒𝑎𝑔𝑒𝑛𝑡𝑚𝑒𝑡𝑎𝑙 𝑟𝑒𝑎𝑔𝑒𝑛𝑡⁄  𝑐𝑜𝑚𝑝𝑙𝑒𝑥]
+ 𝑘3[𝑅𝑒𝑎𝑔𝑒𝑛𝑡𝑑𝑖𝑚𝑒𝑟 ] + 𝑘4[𝑅𝑒𝑎𝑔𝑒𝑛𝑡𝑝ℎ𝑦𝑠𝑖𝑐𝑎𝑙𝑙𝑦 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑]
+ 𝑘5[𝑅𝑒𝑎𝑔𝑒𝑛𝑡𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙𝑙𝑦 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑] + 2𝑘6[𝑅𝑒𝑎𝑔𝑒𝑛𝑡𝑑𝑖𝑚𝑒𝑟 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑]
1
2 
---------- Eq. 8.12 
  
where [Reagentfree ion], [Reagentmetal/reagent complex], [Reagentdimer], [Reagentphysically adsorbed], 
[Reagentchemically adsorbed] and [Reagentdimer adsorbed] are the concentration of reagent anion in 
solution, metal/reagent complex in solution, dimer in solution, reagent physically adsorbed on 





Eq. 8.12 indicates that the overall decomposition depends on the concentration of each of 
the compound formed in the complex system. The formation of these compounds is expressed by 
Eq. 8.13 to 8.18. The rate of the formation can be expressed by Eq. 8.19 to 8.24. 
 
𝑅𝑒𝑎𝑔𝑒𝑛𝑡 + 𝑤𝑎𝑡𝑒𝑟 → 𝑅𝑒𝑎𝑔𝑒𝑛𝑡𝑓𝑟𝑒𝑒 𝑖𝑜𝑛  , k1’ 
---------- Eq. 8.13 
 
𝑅𝑒𝑎𝑔𝑒𝑛𝑡𝑓𝑟𝑒𝑒 𝑖𝑜𝑛 +𝑚𝑒𝑡𝑎𝑙 𝑖𝑜𝑛 → 𝑅𝑒𝑎𝑔𝑒𝑛𝑡𝑚𝑒𝑡𝑎𝑙 𝑟𝑒𝑎𝑔𝑒𝑛𝑡⁄  𝑐𝑜𝑚𝑝𝑙𝑒𝑥 , k2’ 
---------- Eq. 8.14 
 
𝑅𝑒𝑎𝑔𝑒𝑛𝑡𝑓𝑟𝑒𝑒 𝑖𝑜𝑛 + 𝑂2 →
1
2
𝑅𝑒𝑎𝑔𝑒𝑛𝑡𝑑𝑖𝑚𝑒𝑟  , k3’ 
---------- Eq. 8.15 
 
𝑅𝑒𝑎𝑔𝑒𝑛𝑡𝑓𝑟𝑒𝑒 𝑖𝑜𝑛 +𝑚𝑖𝑛𝑒𝑟𝑎𝑙 → 𝑅𝑒𝑎𝑔𝑒𝑛𝑡𝑝ℎ𝑦𝑠𝑖𝑐𝑎𝑙𝑙𝑦 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 , k4’ 
---------- Eq. 8.16 
 
𝑅𝑒𝑎𝑔𝑒𝑛𝑡𝑓𝑟𝑒𝑒 𝑖𝑜𝑛 +𝑚𝑒𝑡𝑎𝑙 𝑖𝑜𝑛𝑚𝑖𝑛𝑒𝑟𝑎𝑙 → 𝑅𝑒𝑎𝑔𝑒𝑛𝑡𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙𝑙𝑦 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 , k5’ 




𝑅𝑒𝑎𝑔𝑒𝑛𝑡𝑓𝑟𝑒𝑒 𝑖𝑜𝑛 + 𝑂2 +𝑚𝑖𝑛𝑒𝑟𝑎𝑙 →
1
2
𝑅𝑒𝑎𝑔𝑒𝑛𝑡𝑑𝑖𝑚𝑒𝑟 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 , k6’ 
---------- Eq. 8.18 
 
where k1’, k2’, k3’, k4’, k5’ and k6’are the formation reaction rate constant of free anion in 
solution, metal/reagent complex in solution, dimer in solution, reagent physically adsorbed on 





′ [𝑅𝑒𝑎𝑔𝑒𝑛𝑡𝑖𝑛𝑖𝑡𝑖𝑎𝑙𝑙𝑦 𝑎𝑑𝑑𝑒𝑑] 
---------- Eq. 8.19 
 
𝑑[𝑅𝑒𝑎𝑔𝑒𝑛𝑡𝑚𝑒𝑡𝑎𝑙 𝑟𝑒𝑎𝑔𝑒𝑛𝑡⁄  𝑐𝑜𝑚𝑝𝑙𝑒𝑥]
𝑑𝑡
= 𝑘2
′ [𝑅𝑒𝑎𝑔𝑒𝑛𝑡𝑓𝑟𝑒𝑒 𝑖𝑜𝑛][𝑚𝑒𝑡𝑎𝑙 𝑖𝑜𝑛] 








′ [𝑅𝑒𝑎𝑔𝑒𝑛𝑡𝑓𝑟𝑒𝑒 𝑖𝑜𝑛][𝑂2] 








′ [𝑅𝑒𝑎𝑔𝑒𝑛𝑡𝑓𝑟𝑒𝑒 𝑖𝑜𝑛] 





′ [𝑅𝑒𝑎𝑔𝑒𝑛𝑡𝑓𝑟𝑒𝑒 𝑖𝑜𝑛][𝑚𝑒𝑡𝑎𝑙 𝑖𝑜𝑛𝑚𝑖𝑛𝑒𝑟𝑎𝑙] 








′ [𝑅𝑒𝑎𝑔𝑒𝑛𝑡𝑓𝑟𝑒𝑒 𝑖𝑜𝑛][𝑂2] 
---------- Eq. 8.24 
The rate constants (k1, k2, k3, k4, k5, k6, k1’, k2’, k3’, k4’, k5’ and k6’) are affected by 
various parameters such as the structure and concentration of the reagent, mineral, pH, O2 and 
temperature, therefore Eq. 8.2 includes these parameters in the function for decomposition. With 
the rate constant made available, the generation of CS2 for a certain period of time could be 
predicted. The value for each rate constant needs either experiments or simulations to obtain. 
Results shown in previous chapters are examples of applying the experimental methods to 
determine the values of the rate constants. Tedious procedures of conducting tests are required in 
addition to developing experimental methods, but the results provide basis for conducting the 
simulation as shown in the following session. Simulation is then derived from experiment and 
verifies the experimental results. Simulation combined with experimental approach facilitates the 




8.3. Simulation of SIBX Decomposition in the Cu/SIBX System 
 
Simulation, as mentioned in the previous session, is a key step to find the values for the 
multiple rate constants constituting the decomposition model shown by Eq. 8.12. It is unrealistic 
to start the simulation process with a complex system. Therefore, Cu/SIBX system was chosen as 
a model system to develop the simulation for the SIBX decomposition. SIBX decomposition in 
the metal ion solution was examined in a closed space, with the compositional changes tracked in 
the gas, supernatant and precipitate phases as a function of time by GC-MS, UV-vis and HATR-
FTIR. An integrated analysis in terms of mass distribution and balance of SIBX in the closed 
system can thus be established. It is found that SIBX ends mainly in the gas phase in the form of 
CS2 and in the precipitate in terms of Cu2X2 and X2. No traceable SIBX related compounds can 
be detected in the supernatant. Therefore, it is concluded that the change of CS2 in the gas phase 
is the result of that of Cu2X2 and X2 in the precipitate in the Cu/SIBX system. Figure 8-2 
illustrates the change of CS2 in the gas phase corresponding to that of Cu2X2 and X2 in the 
precipitate as a function of time in the Cu/SIBX system. As summarized in Chapter 6, with the 
increase of Cu/SIBX ratio, decrease of CS2 in the gas phase corresponds to decrease of Cu2X2 
and X2 in the precipitate. The aim here is to simulate the CS2 generation in the Cu/SIBX system. 
 
8.3.1. Rate Equations for all Decomposition Reactions in the Cu/SIBX System 
 
The reaction for the formation of Cu2X2 and X2 is shown as Eq. 8.25. The rate equations 






Figure 8-2 Change in the Gas and Precipitate of Cu/SIBX System at Different Cu/SIBX Ratios 
 
 
4X− + 2Cu2+ → Cu2X2 + X2 
---------- Eq. 8.25 
This reaction can be regarded to go through the following three stages with the rate 
constants k1, k2 and k3: 
X− + Cu2+ → CuX+, k1 
X− + CuX+ → CuX2, k2 


















































Thus, it can be obtained that k3[CuX2]
2 = k1[X
−][Cu2+]. The rate equation for Cu2X2 









---------- Eq. 8.26 
The decomposition of SIBX, Cu2X2 and X2 is expressed by Eq. 8.27, 8.28 and 8.29, and 
Eq. 8.30 to 8.32 are the rate equations. 
X− → CS2, k4 




Cu2X2 → 2CS2, k5 
---------- Eq. 8.28 
X2 → 2CS2, k6 




−] + 2k5[Cu2X2] + 2k6[X2] 




−][Cu2+] − k5[Cu2X2] 




−][Cu2+] − k6[X2] 
---------- Eq. 8.32 
 
where k1, k2, k3, k4, k5 and k6 are rate constants for formation or decomposition reactions. 
  
 CS2, generated from the decomposition of SIBX, Cu2X2 and X2, can dissolve in the 
aqueous solutions before entering the gas phase. This needs to be included before the CS2 
generation shown in Figure 8-2 could be simulated. Henry’s law dictates the amount of CS2 that 




P = Hcp[CS2] 
---------- Eq. 8.33 
 where P (unit: Pa) is the pressure CS2 in the gas phase, H
CP
 (unit: (Pa·L)/mol is Henry’s 
constant, and [CS2] is the concentration of CS2 in solution (unit: mol/L). 
  
According to the ideal gas law shown by Eq. 8.34, the Henry’s law of Eq. 8.33 can be 
expressed as Eq. 8.35: 
PV = n(CS2)RT  
---------- Eq. 8.34 
 where P (unit: Pa) is the pressure CS2 in the gas phase, V (m
3
) is the volume of the gas 
space, n (CS2) (unit: mol) is the amount of CS2 molecules in the gas, R is the gas constant, and T 









, indicating the contributions from the dissolution of CS2 in solution. 
 
Eq. 8.35 shows the relationship between the amount of the CS2 ending in the closed gas 










−] + 2k5[Cu2X2] + 2k6[X2])
= K1(k4[X
−] + 2k5[Cu2X2] + 2k6[X2]) 
---------- Eq. 8.36 
The value of K1 will be estimated to account for the partitioning of CS2 between the air 
and aqueous solution. Simulation using Matlab is for the first 10min shown in Figure 8-2 instead 
of the entire time of 30min that experiments were conducted for. CS2 tends to reach equilibrium 
in the gas phase as the decomposition is set in a closed system, so only the initial time of 10min 
where decomposition is not at equilibrium is simulated.  
As shown in Chapter 6 and 7, Cu
2+
 has a depressing effect on decomposition that needs 
to be considered in the simulation. The amount of Cu2X2 (or X2) shown in Figure 6-5 indicates 
that the formation of Cu2X2 (or X2) decreases with the Cu/SIBX ratio. Cu2X2 and X2 are the only 
compounds that are detected in the precipitate and no other compounds are observed at various 
Cu/SIBX ratios, the attempt to subtract any terms from Eq. 8.31 or 8.32 is rejected. Therefore, 
the modification is made to the rate equations by multiplying a factor K2 into Eq. 8.30 to 8.32 to 
account for the depressing effect of Cu
2+
 on the formation of Cu2X2 and X2 which then leads to 
the lower generation of the decomposition product CS2. After applying the modification, the rate 




−] + 2k5[Cu2X2] + 2k6[X2]) 








−][Cu2+] − k5[Cu2X2] 





−][Cu2+] − k6[X2] 
---------- Eq. 8.39 
 
The value for K2 indicates the intensity of Cu
2+
 on depressing the decomposition of 
Cu2X2 and X2. It is assumed to vary depending on the concentration of Cu
2+
. Therefore different 
value of K2 is assigned when it comes to different Cu/SIBX ratios.  
 
8.3.2. Value of the Rate Constants 
 





SIBX decomposition is found to be lower in solutions in the presence of Cu
2+
. With the increase 
of Cu/SIBX ratio from 1/2 to 2/1, both Cu2X2 and X2 decrease, but X2 decreases faster than 
Cu2X2. Therefore, it is reasonable to assume that Cu2X2 decomposes slower than SIBX while X2 
might have a decomposition rate that is comparable to SIBX. In our attempt, the rate constant of 
Cu2X2 (k5) is set as 10 times lower than that of SIBX while that of X2 (k6) is set as half of that of 




k1 is the rate constant of the reaction between Cu
2+
 and SIBX to form Cu2X2 and X2 as 
shown by Eq. 8.25. The intermediate CuX2 formed from Cu
2+
 and SIBX quickly decomposes 
into Cu2X2 and X2 [108, 151-153, 155], but the rate of forming CuX2 is not known. Thus the rate 
constant needs to be calculated from our FTIR results. 
When Cu/SIBX=1/2, according to Eq. 8.25, reactants (Cu
2+
 and SIBX) completely turns 
into Cu2X2 and X2, unlike Cu/SIBX=1/1 or 2/1 under which there are extra Cu
2+
 during the 
reaction between Cu
2+
 and SIBX. Thus, the rate constant for the reaction between Cu
2+
 and SIBX 









---------- Eq. 8.40 









2+]0 − 0.5x) 
---------- Eq. 8.41 
Since the initial concentrations of Cu
2+ 






−]0 − 0.5x) 
---------- Eq. 8.42 














−]0 − 0.5x) 
dx


















(0.00128 − x)(0.00128 − 0.5x)
x
0




---------- Eq. 8.43 
 
When t=10min, x=0.0004mol/L. k1 can be calculated by Eq. 8.40, which will be coded in 
Matlab in the simulation. 
 
8.3.4. Simulation Result 
 




]0 shown in Table 8-1, the 





The Matlab Code: 
1. Build a method file called Decom.m: 
Function dx=Decom(t,x) 
k1= int(1/(0.00128-0.5x )*(0.00128-x),0.0000001,0.00004)*0.05 
dx(1) = K1* K2 *(k4*x(4) + 2*k5*x(2) + 2*k6*x(3)) 
dx(2) = K2 *(k1*x(4) *x(5) – k5*x(2)) 
dx(3) = K2 *(k1*x(4) *x(5) – k6*x(3)) 
dx = dx(:) 
2. In the command section, start the scripts below: 





 plot(x(:,1)) or plot3(x(:,1),x(:,2),x(:,3)) 
 
where x is the concentration of SIBX decreased; K1 is the constant that is used to account 
for the partitioning of CS2 between the air and aqueous solution; K2 is the factor to account for 
the depressing effect of Cu
2+
 on SIBX decomposition; k1, k4, k5 and k6 are the decomposition rate 
constant of SIBX, Cu2X2 and X2; x(1), x(2), x(3), x(4) and x(5) are the concentration of CS2, 
Cu2X2, X2, SIBX and Cu
2+




]0 are the initial concentration of SIBX 
and Cu
2+
 in solution ([X
-
]0 is the same while [Cu
2+
]0 changes at different Cu/SIBX ratios); and 










Constant Meaning Measured Value Assumed Value Note 
k4 Decomposition of SIBX 1.6x10
-5
 - - 
k5 Decomposition of Cu2X2 - 1.6x10
-6
 0.1 x k2 
k6 Decomposition of X2 - 0.8x10
-5
 0.5 x k2 
K1 
Partitioning of CS2 between 
Air and Aqueous Solutions 
- 1 - 
K2 Depressing effect of Cu
2+
 
- 1 Cu/SIBX=1/2 
- 0.7 Cu/SIBX=1/1 
- 0.3 Cu/SIBX=2/1 
[X
-





]0 Initial Concentration of Cu
2+
 
0.00064 - Cu/SIBX=1/2 
0.00128 - Cu/SIBX=1/1 







Figure 8-3 Change of CS2 in the Gas Phase at Different Cu/SIBX Ratios 
 
Figure 8-3 indicates that the simulated CS2 matches well with the experimental results up 
to 10min, confirming the feasibility of using the simulation procedure designed above. During 
the simulation, assumptions were made for the rate constants and factors which are not yet 
experimentally obtained. However, this outlines the expected range for the experimental values. 
Based on the above result, efforts can be made for more complex systems to gradually reach the 
conditions close to those plant operations. The ultimate goal is to find the missing values for Eq. 



















Chapter 9 Conclusions 
 
This work shows the efforts of investigating the decomposition behavior, which 
constitutes one important aspect of fate and transport of reagents. Understanding a variety of fate 
and transport properties of a reagent in addition to its performance and cost provides additional 
credit of applying it in an operation or a formulation, especially those adverse behaviors which 
could lead to the violation of increasingly tight regulations that are enacted to protect SHE 
(Safety, Health and Environment). However, research on adverse behaviors (e.g., decomposition) 
is relatively less than that on performance, which is a large obstacle to comply with the global 
trend of sustainable or green development. 
Of the mining reagents commonly used in the mineral processing industries, several ones 
typically used as collector in the sulfide ore beneficiation are subjected to our examination in 
terms of their decomposition behavior under various processing conditions. They are xanthate, 
dithiocarbamate and dithiophosphate/dithiophosphinate. Some of them were introduced over a 
century ago (e.g., xanthate was introduced in early 1900s), but the decomposition remains poorly 
understood. Decomposition can cause adverse impacts by generating toxic compounds such as 
CS2 (carbon disulfide) and COS (carbonyl sulfide). The permissible limit for these compounds 
has dropped from 10ppm to 1ppm recently, so the industrial users need to take timely action 
towards green processing. The option is to either replace those problematic reagents or develop 
mitigation measures to reduce the adverse impacts. Since the nature of reagents affects plant 
scheme and design, substitution of those reagents could lead to major modifications of the 




mitigate negative effects of the reagents than to replace them. Knowledge on decomposition is 
necessary to develop the mitigation strategies. 
Xanthate is used relatively more than the other collectors such as dithiocarbamate and 
dithiophosphate/dithiophosphinate, so are the studies carried out to understand their interaction 
mechanism with the minerals. Investigations on xanthate decomposition are also more than that 
on other mining reagents, but they are not adequate. Studies are only focused on thermal or 
aqueous decomposition of the reagent by itself, which are of limited relevance to mining 
companies. Since relatively more studies have been conducted for xanthate, xanthate comes as 
first under our examination of the decomposition behavior. Methods and experimental 
procedures to measure decomposition are developed initially for xanthate, and then applied to 
other reagents with moderate modifications.  
Method to characterize the decomposition behavior under various conditions, especially 
those processing-related conditions, is a prerequisite before any investigations can be conducted. 
From the fragmented studies in the literature, it is found that the methods used are simple and 
limited. SFT (Stopped Flow Technique) based on UV-vis spectroscopy is the major method used 
by the researchers to examine the decomposition behavior. However, this method is not feasible 
for the case when heterogeneous systems contain minerals. That is the reason that researchers 
almost only investigated decomposition of the reagent in aqueous solutions in the absence of 
minerals. No method has been found in the literature to examine decomposition under the 
processing-related conditions. Thus, the first task is to develop experimental methods after the 
comprehensive literature review. As three conditions (i.e., in aqueous solutions alone, in ore pulp 
under flotation conditions, and in solution containing metal ions) are selected as relevant to 




idea or strategy behind all methods is to apply different instruments to characterize the different 
phases within a closed system in which the decomposition occurs. Decomposition products 
ending in the gas phase are more concerning to the plant due to their capabilities of diffusion and 
accumulation, so they are used as an indicator for describing the extent of decomposition in this 
work. They can also be difficult to measure compared to that in solution. For example, air is 
constantly pumped into the flotation cell during flotation, so it is a challenge for any instrument 
to handle such excessive air during its measurement. Thus, a collection assembly consisted of 
several absorbents is used to capture the decomposition products which then are sent for 
measurement.  
The first condition is that the reagent stays alone in aqueous solutions, e.g., in the absence 
of minerals or metal ions. This serves as a control for the other two conditions, i.e., in ore pulp 
under flotation conditions and in solutions containing metal ions. This is also the condition under 
which some studies could be found in the literature. Xanthate has been studied relatively more 
than any other mining reagent. The previous studies track the decrease of xanthate in solution to 
decide the decomposition pathway and kinetics using the UV-vis spectroscopy, which is an 
indirect way of examining decomposition since the products in the gas phase are not measured. 
Our method follows the compositional changes directly in the gas phase using GC-MS and 
resolves the conflicts that could not be clarified in prior studies. Temperature, initial reagent 
concentration and pH were examined as a function of time. Decomposition reaction in aqueous 
solutions is regarded as R-OCS2
- 
+ H2O → R-OH + CS2 + OH
-
. The kinetics is established to 
follow the first order law from the results of “CS2 generation vs. time” and “CS2 generation vs. 
temperature”. Rate constant calculated based on CS2 generation in the gas is higher than that in 




decomposition products. pH is found to be one of the factors that affect decomposition 
significantly. Xanthate undergoes different interactions and forms other compounds at different 
pH levels. This helps reveal one of the most important findings of this work: the parallel and 
sequential reactions alongside the decomposition reaction affect the ultimate decomposition 
behavior. In acid solutions, the increasing H
+
 promotes the decomposition to move forward, 
enhancing the decomposition. In strongly acidic solutions, xanthate anion forms a compound 
similar to xanthic acid (the structure has not been determined, but it is not xanthic acid since UV-
vis spectroscopy does not show the fingerprint band of xanthic acid at 270nm). The compound is 
quite stable so decrease of decomposition is observed at very low pH level. In alkaline solutions, 
decomposition is depressed due to the presence of OH
-
 which moves the decomposition reaction 
in reverse direction. Moreover, it is hypothesized in the literature that compounds such as 





. Therefore, the decomposition decreases in alkaline solutions. The manner in which 
xanthate decomposition is examined in aqueous solutions has also been applied to other mining 
reagents. For example, dithiocarbamate is found to have decomposition behavior similar to that 
of xanthate by generating compounds such as CS2. The longer the alkyl chain, the weaker the 
decomposition is. Dithiophosphate and dithiophosphinate, however, present a different 
decomposition behavior compared to xanthate and dithiocarbamate. Their decomposition mainly 
occurs in the alkyl chain, which breaks into small pieces such as olefins. Moreover, temperature 
is found to have a much larger effect than the reagent concentration and pH on the 
decomposition of dithiophosphate and dithiophosphinate. This can be explained by the fact that 




The second condition is that the reagent stays in ore pulp under flotation conditions. 
Flotation conditions vary depending on the ore type, selection of reagents and processing 
capabilities, etc. Two sets of flotation conditions are used in this study: one is close to a plant 
operation and the other includes manually modified parameters to enhance the detection of 
decomposition products. Before all decomposition is measured, calibration and detection limit of 
the entire experimental setup designed by us are conducted. Calibration accounts for the loss of 
the decomposition products on the inner surface of the glassware and connectors. Detection limit 
indicates the lowest amount of the decomposition products that can be detected from the setup. 
1ppm CS2 can be detected, which is the permissible limit of CS2. It is found that decomposition 
is much weaker in ore pulp under flotation conditions than that in the absence of ores. CS2 is 
detected from xanthate under either set of the flotation conditions. Dithiocarbamate and 
dithiophosphate/dithiophosphinate, however, do not generate detectable decomposition products 
under both sets of flotation conditions. Xanthate is found to decompose stronger than the other 
reagents under the control condition (i.e., in solutions alone in the absence of minerals or metal 
ions). Since the decomposition is generally lower in ore pulp, it is not surprising that 
decomposition can only be affirmatively detected for xanthate while decomposition of other 
reagents goes below the detection limit. The effects of reagent concentration and ore loading are 
examined on xanthate decomposition in ore pulp under flotation conditions as a function of time. 
Xanthate decomposition is found to decrease with the increase of ore loading. This decrease is 
even higher at higher xanthate concentrations. Since the dosage of xanthate is not enough to form 
a monolayer on the mineral surfaces, the increased xanthate is believed to just further interact 
with the mineral. It again leads to our previous conclusion for the first condition that those 




decomposition behavior. Here the parallel or sequential interactions include those between the 
mineral and the reagent and those between the mineral and the decomposition products. There 
can be a variety of compounds formed between the mineral and the reagent and they can stay in 
various locations in the ore pulp, such as in solution or on mineral surfaces. The presence of 
these compounds complicates the overall decomposition, and it is necessary to understand their 
individual decomposition properties. 
The third condition is that the reagent stays in solutions containing metal ions. It follows 
the second condition from which it is believed that the various compounds formed between the 
reagent and the mineral (mostly metal ions) determine the ultimate decomposition behavior. It 
allows further understanding of the effect of the one important factor in ore pulp, the metal ions. 
This part of study is carried out to examine the decomposition properties of those formed in 
solution by the reagent and the metal ions. The result is a comparison to the decomposition 





exist in the chalcopyrite pulp, are chosen to see how they affect the decomposition of reagents. 
The effects of different ratio of metal ion to reagent, pH and temperature are examined by 
tracking all three phases of a closed system where metal ion and the reagent are mixed in the 
solution. Change in the gas phase, where the gaseous decomposition products are stored and 
measured by GC-MS, is resulted from the interactions between the metal ion and the reagent in 
solution measured by UV-vis and HATR-FTIR. By correlating the compositional changes in 
solution (both the supernatant and precipitate) to the change of decomposition products in the gas 
phase, possible decomposition pathways are proposed. It is found that Cu
2+
 depresses while Fe
3+
 
promotes the decomposition of xanthate and dithiocarbamate according to change of CS2 and 




ratio of metal ion to the reagent. For the system with Cu
2+
, supernatant is found to not affect the 
decrease of CS2 generation in the gas phase since no reagent-related compounds are found in the 
supernatant. It is the compounds formed by Cu
2+
 and the reagent in the precipitate that determine 
the CS2 generation in the gas phase. For example, Cu
2+
 and xanthate form Cu2X2 and X2, the 
change of which correlates well with the CS2 in the gas phase. For the system with Fe
3+
, it is also 
the precipitate that determines the increase of CS2 and COS in the gas phase. For example, Fe
3+
 
and xanthate form FeX3 and X2 in the precipitate, and their increase corresponds to the increase 
of CS2 and COS in the gas phase. Different from the system with Cu
2+
, the supernatant of the 
Fe
3+
 system still contains free xanthate which disappears gradually. The increase of temperature 
for the Cu/Xanthate system simply intensifies the depressing effect of Cu
2+
. For the Fe/Xanthate 
system, it is found that when temperature is increased to 70°C, SO2 appears upon the decrease of 
CS2 in the gas phase. It is due to the oxidative effect of Fe
3+
 which can oxidize CS2 to SO2 at 
70°C. The change of pH in the Cu/Xanthate and Fe/Xanthate systems confirms that the 





 both exist in the solution with xanthate, it is found that the amount of decomposition 
products is between that of individual systems. However, in the precipitate of Cu/Fe/Xanthate 
system, the major compounds are Cu2X2 and X2 while FeX3 is not detected. Further investigation 
is needed to figure out the competition between different metal ions.  
Through the studies of decomposition under the three different conditions, it can be that 
the parallel or sequential interactions alongside the decomposition reaction play a significant role 
in affecting the overall decomposition behavior. These interactions lead to various compounds 
that have different decomposition properties (decomposition mechanism and kinetics) than the 




the bonding between the -R-CS2 (R = N or O) moiety and other atoms or radicals affects the 
stability of the molecule and the subsequent decomposition properties. For example, it can be 
seen from our results that a huge difference exists for the decomposition of xanthate anion (R-O-
CS2
-
, R = alkyl chain), cuprous xanthate ( (R-O-CS2)2-Cu2, R = alkyl chain), ferric xanthate ( (R-
O-CS2)3-Fe, R = alkyl chain) and dixanthogen ((R-O-CS2)2, R = alkyl chain). This difference 
requires further investigation.  
Experimental efforts are made to understand the decomposition behaviors of the mining 
reagents in spite of the limited research in literature. However, still a large knowledge gap exists 
with respect to the decomposition under various conditions. Model development is necessary so 
that prediction can be made. Unfortunately, the work on developing the model for decomposition 
is scarce. In this work, major components constituting the model are identified and derived. One 
of the most important components is the decomposition itself, and kinetics equations are derived 
based on all possible decomposition pathways in the system. Our derivations indicate the 
necessity to obtain the decomposition rate constant for each compound that could decompose. 
Since it is impossible to obtain all the rate constants experimentally, simulation is conducted to 
partially complement the decomposition model and partially determine the rate constants. The 
preliminary simulation goes for the Cu/SIBX system, and the result matches the experimental 
results. It establishes the foundation to further the simulation and the model. 
Chemical fate studies of mining reagents in terms of their decomposition under various 
conditions opens the door to investigate the adverse behavior under the situation where studies 
on the performance of reagents are more desired. They align with the current trend of sustainable 




4 papers have been prepared from this work. By the time when the thesis is submitted, 2 
of them have been accepted by the Journal of Minerals Engineering, and 2 are still under review 
by the industrial sponsors. (This work is sponsored by Greener Mineral Processing Consortium 
under Center of Particulate and Surfactant Systems; the confidentiality agreement for this project 
postpones publication from this work to be sent for publication after the work is completed for at 
least two years). All 4 papers are shown in the Appendix C.  
Besides the papers from this work, 1 paper titled “Understanding the Role of n-Dodecyl-
β-Maltoside in the Polymer/Surfactants Mixture” is currently under preparation; 1 paper titled 
“Disinfection of drinking water with mesoporous carbon immobilized with lysozyme” has been 
sent to Journal of Environmental Science and Technology for publication (Collaboration Paper 
with Prof. Lin Tang from Hunan University, China); 1 paper titled “Life Cycle Environmental 
Release of AgNPs Based on Material Flow Analysis in Mainland China” has been sent to Journal 
of Environmental Engineering for publication (Collaboration Paper with Prof. Sha Chen from 
Beijing University of Technology, China); and 1 paper titled “Determination of Mercury and 










Chapter 10 Future Directions 
 
Following work is proposed to further understand the decomposition behavior of mining 
reagents under the various conditions, develop a comprehensive decomposition model, and 
suggest mitigation measures to reduce negative effects from the adverse decomposition. The 
following lists all the future tasks that could be done. 
 
Task 1. Decomposition in solutions containing other individual or mixed metal ions, such as 
nickel and zinc 
 
The interaction between sulfide ores (or the metal ions in the sulfide) and the reagents 
(e.g., SIBX, PAX, DEDTC and DBDTC) is electrochemistry-based, as indicated by abundant 
studies in literature [13-15, 116-118]. The compounds formed by them determine not only the 
hydrophobicity of the sulfide ores [156, 157] but the decomposition behavior of that reagent in 
the solution. In Chapter 6 and 7, the impacts of iron and copper ions on the decomposition 
behavior were examined. It is found that copper depresses while iron promotes decomposition. 
Therefore, the impact of metal ions on the decomposition depends on the nature of the metal ion. 
Moreover, evaluation of the decomposition kinetics of the formed compounds by metal ions and 
the reagent provides the basis for the model development of the decomposition behavior. Nickel 
and zinc are common elements in the flotation beneficiation of sulfide ores (such as pentlandite 





Task 2. Decomposition on the mineral surfaces (e.g., chalcopyrite, pyrite and pentlandite) 
 
Task 1 attempts to further understand the impacts of metal ions on decomposition in 
addition to what has been done in the previous chapters, but it still focus on the solution phase. If 
the ore pulp in the flotation cell is divided into two parts, Task 1 covers one part while another 
part of decomposition occurring on the mineral surfaces is proposed to be aim of Task 2. 
Different from Task 1, the metal ions in Task 2 are locked inside the lattice of minerals. 
Although similar compounds (metal xanthate and dixanthogen) can be formed both in solution 
and on mineral surfaces, the difference in structure and attachment to the mineral surfaces could 
well lead to the difference in decomposition compared to that in solution. The methods to study 
decomposition on mineral surfaces are not available in any of the previous studies, much worse 
than the case for decomposition in solution. The requirement for following the decomposition on 
mineral surfaces would require more elaborate thoughts into developing the method. During the 
investigation in solution, HATR-FTIR was used to track the compounds formed by the metal 
ions and the reagent. The compounds settled and deposited on the element (either ZnSe or Ge) 
where they could be examined by the beam bombed from the bottom of the element. This 
configuration may be applied to the examination of decomposition on mineral surfaces. Two 
methods using HATR-FTIR have been designed and could be applied to study the decomposition 
behavior on mineral surfaces.  
Figure 10-1 shows the first design. Mineral particles are deposited on the element. When 
the reagent adsorbs on the mineral particle surfaces, IR beam is bombarded from the bottom of 




of surface properties of the minerals when other deposition methods (e.g., sintering) are applied. 
Halcogenide glass, for example, showed negligible interference when used as a glue [26, 31, 32]. 
In order to allow IR beam transfer from the element to the mineral surface, the refractory index 
of the mineral and the element should be close and much larger than that of the air or solution. If 
glue is used, its refractive index should be close to that of the mineral and element. Since 
compounds formed in solution can settle on the mineral surfaces to interfere the measurement of 
compounds formed on the mineral surfaces, it is necessary to substitute the solution above the 
mineral surfaces with pure water solution. Then the change of the composition of the compounds 
can be tracked as a function of time. The liquid and gas phases can be simultaneously examined 
in the closed system by GC-MS and UV-vis, as shown in Task 1. Moreover, the potential of the 
mineral can be controlled by a potentiostat. This is advantageous as the potential could determine 
the type of the compounds formed by the mineral and the reagents, so the decomposition 
properties of a certain compound can be investigated in depth. The control of the potential is 
much easier to be done compared to the case in solution shown in Task 1. The major challenge 
for this method lies on the selection of the right element, the suitable glue, and the interested 






Figure 10-1 Method 1 for Examining Decomposition on Mineral Surfaces 
 
Figure 10-2 shows the second design. Instead of a static solution and the mineral particles 
deposited on the element, continuous solution containing nano-sized mineral particles is flowing 
above the element. The IR beam still bombs from the bottom of the element and the evanescence 
hits the nano-sized particles to tell the information with respect to the surface composition of the 
mineral particles. The nano-sized mineral suspension and reagent get mixed before entering the 
chamber above the ATR element, and the signal of IR spectrum is collected while the mixed 
suspension is passing through the chamber. When the signal becomes constant, the input of both 
mineral suspension and the reagent and the output of the mixed suspension will both stop. The 
suspension containing the mineral particles and the reagent remains in the chamber, measured as 
a function of time. The dosage of the reagent is lower than that required to form a monolayer on 
the mineral surfaces, so that the reagent will be assumed to all adsorb on the mineral surfaces and 
no reagent in the solution. This enables the measurement conducted to follow the compositional 





Figure 10-2 Method 2 for Examining Decomposition on Mineral Surfaces 
 
Task 3. Transport of the gaseous decomposition products through the solution or ore pulp 
 
To comprehensively understand the generation of the decomposition products, especially 
those ending up in the gas phase and spread to result in pollution and health related issues, it is 
necessary to know how these products transfer out of the aqueous solution or ore pulp into the air. 
Products, such as CS2 (carbon disulfide), can also dissolve in the solution. Thus, three processes 
that can determine the transfer of the decomposition products are listed below. 
 1) Dissolution in the aqueous solution: Solubility data is available only for pure water 
solution for some of the decomposition products. When decomposing reagent is present, 
solubility of the decomposition products can change since the reagent is continuously generating 
them. The relationship needs to be established for the solubility of the decomposition product 
and the concentration of the decomposing reagent. 
2) Adsorption on the mineral surfaces: Decomposition products can adsorb on the 




is not strong as chemical bonding, therefore CS2 or COS is subject to detachment during the 
transport in the ore pulp. This aspect could be studied through the adsorption tests under a series 
of agitation intensities and ore loadings.  
3) Diffusion efficiency: Viscosity of the aqueous solution or ore pulp significantly affects 
the transport and diffusion of the decomposition products. It depends on the composition of the 
aqueous solution or the ore pulp. Factors such as concentration of reagents, ore loading, mineral 
particle size, mineral morphology and agitation could all contribute to the transfer of 
decomposition products into the air. 
 
Task 4. Further development of the decomposition model 
 
Previous chapters present the decomposition behavior of several reagents under different 
conditions after the vigorous development of experimental methods. Moreover, simulation and 
preliminary model development has been initiated, with the basic structure established and gaps 
identified. The overall decomposition model shown in Eq. 8.1 in Chapter 8 contains four major 
components that determine the final detection of decomposition products in the gas phase, which 
are decomposition, adsorption on mineral surfaces, dissolution and trap in ore pulp. Due to the 
missing data on the decomposition behavior of the reagents, development of the decomposition 
model faces unprecedented challenges. Work that has been done in previous chapters and those 
that are planned to be done as indicated by Task 1-3 aim to provide sufficient information for 




Task 5. Apply the methods developed and design new methods to simulate other conditions 
under which decomposition behavior is interesting to industries 
 
Flotation is one of the most important conditions that companies concern with respect to 
decomposition, since flotation conditions are one of the most complicated conditions involving 
abundant variables such as the different types of reagents, various minerals, agitation, and 
bubbling. Many interactions are occurring in the flotation such as electrochemical reactions 
between reagents and minerals, adsorption of reagents on minerals, collision of mineral and 
bubbles, elevation of minerals by bubbles throughout the ore pulp, detachment of the mineral 
particles and breakage of bubbles. Therefore decomposition could be as complicated as any other 
interactions in the flotation cell. The method development first came to simulate this condition in 
this work, and then it will be much easier to apply the developed methods to other conditions that 
are less complicated than flotation. These conditions include conditioning and dewatering, which 
can also contribute the existence and spread of the decomposition products in the air of mining 
sites. The experimental scheme and setups developed for the flotation conditions shown in 
Chapter 2 are applicable to conditioning and dewatering with simplifications and modifications. 
Moreover, the fundamental idea behind the generic scheme shown in Chapter 2 allows us to 
develop new methods with similar robustness as the methods that have been developed. 
 






Behaviors of the reagents are interesting to chemical suppliers, consumers, environmental 
organizations, and regulatory agencies due to their impacts on the cost, performance, health, and 
environment. Abundant studies explored performance when a reagent is used, while the adverse 
behaviors have attracted attention only recently due to their negative impact on safety, health and 
environment. The work here provides an example of investigating the adverse the decomposition 
behavior under various industrial related conditions. The methods with the experimental setups 
are capable of investigating adverse behaviors other than decomposition, so they are feasible to 
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Appendix A Accuracy and Error Analysis 
 
a) Error Analysis for Determination of the Mass of Carbon Disulfide in the Gas Phase 
The mass of carbon disulfide (CS2) was calculated from peak area of CS2 peak on the GC 
chromatogram. Calibration was conducted using a series of samples of known CS2 concentration 
to build the relationship between the mass and the peak area: 
Mass (CS2) = Slope x Peak Area (CS2) + Intercept 
The uncertainty in determining the mas can be estimated from the sum of errors of the 
peak area. The GC measurements were conducted at the signal/noise ratio higher than 100 
(except 10 in several tests). Thus the uncertainty is 1%. 
b) Error Analysis for Determination of the Mass of X2 and Cu2X2 in the Precipitate 
The mass of X2 in the precipitate was calculated from peak area of X2 peak on the FTIR 
spectra. One of the two peaks representing X2 was chosen because it is not overlapping with any 
other peak. Calibration was conducted using a series of samples of known X2 concentration to 
build the relationship between the mass and the peak area: 
Mass (X2) = Slope x Peak Area (X2) + Intercept 
The uncertainty in determining the mas of X2 can be estimated from the sum of errors of 
the peak area. The FTIR measurements were conducted at the signal/noise ratio higher than 40. 
Thus the uncertainty for X2 is 2.5%. 
The mass of Cu2X2 was assumed to be equal to that of X2 when Cu/SIBX=1/2 at initial 




its peak area to that when Cu/SIBX=1/2 at initial time t=2min. The uncertainty in determining 
the mas of Cu2X2 can be estimated from the sum of errors of the peak area. The FTIR 
measurements were conducted at the signal/noise ratio higher than 40. Thus the uncertainty for 
Cu2X2 is 5% (including that for X2). 
c) Error Analysis for Determination of Flotation Recovery 
The flotation recovery of solids was calculated using 
Recovery = Wc/Wt 
where Wc is the weight of solid collected in the upper froth and Wt is the total weight of 
solid in suspension. 
This equation can be rearranged and differentiated in terms of percent error: 
Δ Recovery/Recovery = Δ Wc/Wc – Δ Wt/Wt 
It shows that the errors in recovery all come from the weight of solid samples. Since in 
the test the samples are dried from the upper froth and the weight is deduced from the weight of 
solid plus that of the containers, the uncertainty is about 5%. Therefore, the maximum possible 
error in determination of froth recovery is less than 10% if the conditions like air bubble size, air 







Appendix B Data for Figures 
 
1. CS2 Generated from 0.05wt.% SIBX Solution at 25, 50 and 70°C up to 4 hours (Figure 4-2) 
Time (h) 25°C 50°C 70°C 
  Value (mg) Error Value (mg) Error Value (mg) Error 
0.5 5.14E-05 9.92E-08 1.57E-03 7.79E-06 1.37E-02 3.53E-04 
1 1.26E-04 8.58E-07 2.90E-03 2.61E-05 2.67E-02 2.44E-04 
2 4.40E-04 3.97E-07 6.53E-03 8.09E-05 4.71E-02 2.36E-03 
3 5.88E-04 5.01E-06 1.07E-02 3.29E-05 7.06E-02 5.70E-04 
4 7.63E-04 2.91E-06 1.42E-02 1.02E-04 8.99E-02 2.43E-03 
 
2. CS2 Generated vs. Initial SIBX for 0.05 to 1wt.% solution at 50°C for 2h (Figure 4-3) 
Concentration (wt.%) Value (mg) Error 
0.05 6.49E-03 9.79E-05 
0.1 1.34E-02 2.23E-04 
0.25 3.33E-02 1.69E-03 
0.5 6.69E-02 2.15E-03 
0.75 1.01E-01 4.16E-03 
1 1.40E-01 2.04E-03 
 
3. CS2 Generated at Different pHs for 0.05wt.% SIBX Solution for 2 hrs at 25°C (Figure 4-4) 
pH Value (mg) Error 
1.69 7.22E-02 4.96E-03 
2.07 9.73E-02 6.46E-03 
2.18 1.05E-01 4.24E-03 
2.3 3.57E-02 3.41E-03 
2.87 3.33E-02 1.69E-03 
3.4 2.47E-02 6.28E-03 
4.78 9.83E-04 5.10E-05 
6.52 7.03E-04 4.37E-05 
8.03 4.00E-04 7.71E-06 




10.87 3.34E-04 1.18E-05 
12.5 0.00E+00 0.00E+00 
 
4. Change in Gas Phase for the Cu/SIBX Systems by GC-MS at 25°C (Figure 6-1) 
Time (min) CS2 CS2 Error COS COS Error 
Water Control 
2 24901.25 1959.50025 0 0 
5 44405 391 0 0 
8 72596.6667 1312.70895 0 0 
10 88765 1663 2625 159 
20 165807 2911 4139 456 
30 221328 1602 3086 16 
Cu/SIBX=1/2 
2 16172.6667 1578.35403 0 0 
5 43036 2713.51899 2259.5 2259.5 
8 74069 2927.90818 1358.5 211.5 
10 92644.3333 4023.46635 1233 23 
20 149992.333 2579.40267 8051 0 
30 176017.667 5489.14493 13285 0 
Cu/SIBX=1/1 
2 12694.6667 1539.95848 0 0 
5 33134.3333 2303.78828 179 44.09422 
8 60404 2071.64725 1225 423.5 
10 73471.3333 4101.31265 3604 444.5 
20 107248 4114.97801 13455 562 
30 140454.333 4645.29046 21275 72.5 
Cu/SIBX=2/1 
2 7912 104.74891 1223.45 436.35 
5 21998.7333 3973.92662 1116.5 359.5 
8 40208.7667 3021.61749 1219.9 619.5 
10 50062.8667 1317.5537 1432.16667 403.40724 
20 82476.0667 3974.68197 2221.86667 1012.18839 
30 97471.5 2203.17005 1724.7 353.8 
 
5. Change in Gas Phase for the Cu/SIBX Systems by GC-MS at 70°C (Figure 6-2) 
Time (min) CS2 CS2 Error COS COS Error 
Water Control 




5 698755.333 7788.35854 62615.6667 1444.32387 
8 1.06E+06 45763.4334 68548 1673.17991 
10 1.37E+06 35815.0165 72714.6667 621.57336 
20 2.22E+06 34481.8936 85925 4281.738 
30 3.43E+06 100793.18 99713.6667 4620.95143 
Cu/SIBX=1/2 
2 363253.667 10777.7699 14099.6667 347.542 
5 466791.333 15453.3594 42443 571.6826 
8 497781 10016.28 76710.6667 1617.32633 
10 514509.667 14951.0432 100315.667 1179.88111 
20 531091.667 2993.56612 356602 4370.20629 
30 563192 6116.19391 543583.333 15492.6393 
Cu/SIBX=1/1 
2 323125.333 5995.00671 17102.3333 469.70712 
5 427759 2145.77686 60209 878.40442 
8 445528.667 6633.47662 134401.667 774.80456 
10 451979.667 11550.2105 211995.333 1398.22809 
20 479519 2443.06781 407337 7553.4865 
30 525554.667 8036.56994 588392.333 9360.30648 
Cu/SIBX=2/1 
2 312324 10395.8131 21964.3333 299.2821 
5 332265 11093.6321 76915.6667 732.71694 
8 407465.667 11434.4485 156912.333 2290.41498 
10 426800.333 11464.9957 235519.333 3219.37729 
20 466962.333 9295.79156 455622.333 3984.30514 
30 492634 3590.40058 725422 5662.95906 
 
6. Normalized Peak Area of Cu2X2 and X2 at Different Cu/SIBX Ratios (Figure 6-5) 
 
Cu/SIBX=1/2 Cu/SIBX=1/1 Cu/SIBX=2/1 
Time (min)  X2 
2 0.82703 0.49865 0.30405 
5 1.04189 0.53108 0.30811 
8 1.16892 0.53649 0.30946 
11 1.25405 0.53919 0.30541 
20 1.39865 0.54189 0.3027 
30 1.47973 0.54459 0.3 
Time (min)  Cu2X2 
2 0.50811 0.33108 0.18919 
5 0.62162 0.36216 0.20135 




11 0.73243 0.37838 0.20946 
20 0.81486 0.38649 0.21081 
30 0.87027 0.39189 0.21351 
 
7. pH at Different Cu/SIBX Ratios (Figure 6-6) 
Time (min)  Cu/SIBX=1/2 Cu/SIBX=1/1 Cu/SIBX=2/1 
2 6.24 6 5.85 
5 6.32 6.04 5.82 
8 6.36 6.06 5.8 
10 6.37 6.06 5.76 
20 6.17 5.94 5.58 
30 6.09 5.91 5.57 
 
8. Change in Gas Phase at Cu/SIBX=1/2 at pH 9 and at Natural pH (Figure 6-7) 
 
CS2 CS2 Error COS COS Error 
 Time (min) Natural pH 
2 16172.6667 1578.35403 0 0 
5 43036 2713.51899 2259.5 2259.5 
8 74069 2927.90818 1358.5 211.5 
10 92644.3333 4023.46635 1233 23 
20 149992.333 2579.40267 8051 0 
30 176017.667 5489.14493 13285 0 
 Time (min) pH 9 
2 --  --   --  -- 
5 36260 857.04395 2949.66667 54.36093 
8 -- -- -- -- 
10 77364.3333 1462.7593 5910.66667 253.3682 
20 109961 1640.02073 9649.66667 158.98882 
30  --  --  --  -- 
 
9. Change in Precipitate at Cu/SIBX=1/2 at pH 9 and at Natural pH (Figure 6-8) 
Time (min)  Natural pH pH 9 
  X2 Cu2X2 X2 Cu2X2 
2 0.82703 0.50811 0.81216 0.50676 
5 1.04189 0.62162 1.02432 0.62568 
8 1.16892 0.68784 1.11081 0.67568 




20 1.39865 0.81486 1.21892 0.73919 
30 1.47973 0.87027 1.25541 0.76216 
 
10. Change in Gas Phase for the Fe/SIBX Systems by GC-MS at 25°C (Figure 6-9) 
Time (min)  CS2 CS2 Error COS COS Error 
Water Control 
2 24901.25 1959.5 0 0 
5 44405 391 0 0 
8 72596.67 1312.709 0 0 
10 88765 1663 2625 159 
20 165807 2911 4139 456 
30 221328 1602 3086 16 
Fe/SIBX=1/6 
2 2.55E+06 130945.1 191720.5 10989.79 
5 4.53E+06 59267.58 463805.5 5989.035 
8 6.82E+06 107533.9 633047.5 2600.65 
10 8.20E+06 97478.09 642956.2 4193.917 
20 1.12E+07 201745.1 644159.5 1668.458 
30 1.20E+07 103518.3 660479.4 903.4027 
Fe/SIBX=1/3 
2 6.48E+06 87367.69 457388.5 8941.055 
5 1.05E+07 363573.3 677680.2 6031.116 
8 1.28E+07 457879.1 711175 862.4525 
10 1.49E+07 162213.6 718303.4 2455.071 
20 1.60E+07 48372.57 749175.1 5395.488 
30 1.71E+07 91127.86 759692.2 5745.426 
Fe/SIBX=2/3 
2 7.89E+06 47126.07 605258.4 4053.081 
5 1.46E+07 244793.6 732708.4 2838.36 
8 1.62E+07 128119.9 828156.8 6390.348 
10 1.81E+07 56948.44 856433.5 6835.678 
20 1.92E+07 211820.8 911519.8 3839.76 
30 2.11E+07 387715 915023.4 6291.832 
 
11. Change in Gas Phase for the Fe/SIBX Systems by GC-MS at 70°C (Figure 6-10) 
Time (min) CS2 CS2 Error COS COS Error SO2 SO2 Error 
Water Control 




5 698755.3 7788.359 62615.67 1444.324 0 0 
8 1.06E+06 45763.43 68548 1673.18 0 0 
10 1.37E+06 35815.02 72714.67 621.5734 0 0 
20 2.22E+06 34481.89 85925 4281.738 0 0 
30 3.43E+06 100793.2 99713.67 4620.951 0 0 
Fe/SIBX=1/6 
2 1.20E+07 699782 6.50E+06 500031.7 0 0 
5 2.60E+07 128930.4 1.26E+07 1.35E+06 0 0 
8 1.99E+07 1.19E+06 1.97E+07 863319.5 0 0 
10 1.70E+07 315244.7 2.38E+07 200678.1 0 0 
20 1.75E+07 258027.1 2.85E+07 327422.9 2.76E+07 708332.2 
30 1.81E+07 174897.3 3.05E+07 519644.9 3.07E+07 152456.9 
Fe/SIBX=1/3 
2 1.49E+07 530386.4 9.94E+06 544001.1 0 0 
5 2.63E+07 1.24E+06 1.83E+07 315039.3 0 0 
8 1.82E+07 314220.4 2.24E+07 270544.7 0 0 
10 1.83E+07 661262.2 2.76E+07 258500.4 2.48E+07 1.19E+06 
20 1.86E+07 724416.7 3.26E+07 526080.7 3.33E+07 316655.6 
30 1.85E+07 834595.1 3.47E+07 623089.7 3.38E+07 568955.3 
Fe/SIBX=2/3 
2 1.77E+07 301892.2 1.19E+07 381735.9 0 0 
5 2.79E+07 336035.7 1.83E+07 587365.3 0 0 
8 2.07E+07 456618.5 2.56E+07 577116.1 3.50E+07 511890.2 
10 1.94E+07 480997.8 2.92E+07 348368.7 4.00E+07 442433.5 
20 2.00E+07 238275.1 3.52E+07 379702.3 4.95E+07 464058.9 
30 2.06E+07 321709.5 3.86E+07 556682.5 5.32E+07 1.42E+06 
 
12. Normalized Height of FeX3 and X2 at Different Fe/SIBX Ratios (Figure 6-13) 
 
Fe/SIBX=1/6 Fe/SIBX=1/3 Fe/SIBX=2/3 
Time (min) X2 
2 0.52728 1.22761 2.01363 
5 0.58081 1.49273 2.58276 
8 0.63318 1.69735 3.06187 
11 0.67429 1.84153 3.63347 
20 0.78251 2.26386 5.76877 
30 0.87238 2.55485 7.97445 
Time (min) FeX3 




5 1.41562 4.86929 7.75824 
8 1.52639 5.31098 7.96253 
11 1.65951 5.47426 8.08384 
20 1.92261 5.6007 8.03352 
30 2.02948 5.3025 7.54868 
 
13. pH of the Fe/SIBX System at Various Fe/SIBX Ratios (Figure 6-14) 
 Time (min) Fe/SIBX=1/6 Fe/SIBX=1/3 Fe/SIBX=2/3 
2 5.32 4.46 3.36 
5 6.54 5.31 3.4 
8 6.49 5.94 3.42 
10 6.52 5.98 3.4 
20 6.6 6.11 3.39 
30 6.66 6.11 3.44 
 
14. Generation of CS2 and COS at Fe/SIBX=1/6: pH 9 and Natural pH (Figure 6-15) 
 
CS2 CS2 Error COS COS Error 
Time (min) Natural pH 
2 2.55E+06 130945.1 191720.5 10989.79 
5 4.53E+06 59267.58 463805.5 5989.035 
8 6.82E+06 107533.9 633047.5 2600.65 
10 8.20E+06 97478.09 642956.2 4193.917 
20 1.12E+07 201745.1 644159.5 1668.458 
30 1.20E+07 103518.3 660479.4 903.4027 
Time (min) pH 9 
2 1.96E+06 33600.08 108101 4684.73 
5 2.93E+06 43149.69 165402 5967.522 
8 3.61E+06 172938.6 187003.3 4531.333 
10 4.61E+06 193034.9 254419.7 12765.6 
20 7.35E+06 278475.6 429955 3981.385 
30 8.50E+06 249760.9 485733.7 8830.272 
 




Time (min) Natural pH pH 9 
 
X2 FeX3 X2 FeX3 
2 1.42131 0.52728 0.27976 0.12649 
5 1.41562 0.58081 0.31994 0.18304 
8 1.52639 0.63318 0.38542 0.22024 
11 1.65951 0.67429 0.47768 0.26339 
20 1.92261 0.78251 0.65179 0.3497 
30 2.02948 0.87238 0.73363 0.40625 
 
16. Change in Gas Phase for the Cu/Fe/SIBX Systems by GC-MS (Figure 6-18) 
 Time (min) CS2 CS2 Error COS COS Error 
Cu/SIBX=1/2 
2 16172.67 1578.354 0 0 
5 43036 2713.519 2259.5 2259.5 
8 74069 2927.908 1358.5 211.5 
10 92644.33 4023.466 1233 23 
20 149992.3 2579.403 8051 0 
30 176017.7 5489.145 13285 0 
Fe/SIBX=1/3 
2 6.48E+06 87367.69 457388.5 8941.055 
5 1.05E+07 363573.3 677680.2 6031.116 
8 1.28E+07 457879.1 711175 862.4525 
10 1.49E+07 162213.6 718303.4 2455.071 
20 1.60E+07 48372.57 749175.1 5395.488 
30 1.71E+07 91127.86 759692.2 5745.426 
Cu/Fe/SIBX=3/2/6 
2 2.49E+06 175954.5 38680.33 1376.341 
5 3.52E+06 78372.81 46095.67 1408.461 
8 4.41E+06 158615.2 70925 898.6657 
10 5.57E+06 163880.4 89071 594.6671 
20 6.35E+06 83033.53 143796.3 11068.67 
30 6.68E+06 50128.35 166082.3 10300.22 
 
17. Decomposition of PAX and SIBX in Aqueous Solutions at 25 and 50°C (Figure 7-1) 
  SIBX PAX 




Time (h) Ave Err Ave Err Ave Err Ave Err 
0.5 1.03E-04 1.98E-07 3.14E-03 1.56E-05 9.30E-05 7.17E-07 2.40E-03 6.79E-05 
1 2.53E-04 1.72E-06 5.81E-03 5.22E-05 1.69E-04 3.33E-06 4.24E-03 6.54E-05 
2 8.80E-04 7.94E-07 1.31E-02 1.62E-04 3.68E-04 1.04E-05 9.15E-03 1.34E-03 
3 1.18E-03 1.00E-05 2.13E-02 6.57E-05 5.49E-04 2.19E-05 1.27E-02 6.61E-04 
4 1.53E-03 5.81E-06 2.84E-02 2.04E-04 8.74E-04 1.21E-05 1.84E-02 6.62E-04 
 
18. Decomposition of DEDTC and DBDTC in Aqueous Solutions at 25 and 50°C (Figure 7-2) 
  DEDTC DBDTC 
  25°C 50°C 25°C 50°C 
Time (h) Ave Err Ave Err Ave Err Ave Err 
0.5 8.94E-05 8.71E-07 0.00257 4.07E-05 8.51E-05 2.38E-07 0.00202 1.73E-05 
1 2.09E-04 2.52E-06 0.00421 1.24E-04 1.47E-04 3.91E-06 0.00384 1.41E-05 
2 3.46E-04 4.95E-06 0.007 2.20E-04 2.50E-04 2.29E-06 0.00666 1.62E-04 
3 4.93E-04 1.28E-05 0.00986 3.26E-04 3.25E-04 5.83E-06 0.00909 4.99E-04 
4 6.11E-04 1.31E-05 0.01388 3.63E-04 4.27E-04 3.23E-06 0.01273 6.62E-04 
 
19. Decomposition of SIBX, PAX, DEDTC and DBDTC in Cu
2+
 Solutions (Figure 7-8) 
  SIBX Alone in Water SIBX/Cu=1/2 SIBX/Cu=1/1 SIBX/Cu=2/1 
Time 
(min) 
ave err ave err ave err ave err 
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20. Decomposition of SIBX, PAX, DEDTC and DBDTC in Fe
3+
 Solutions (Figure 7-9) 
  SIBX Alone in Water SIBX/Fe=1/6 SIBX/Fe=1/3 SIBX/Fe=2/3 
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21. Change in the Gas and Precipitate Phases of Cu/SIBX System at Different Cu/SIBX Ratios (Figure 
8-2) 
  CS2 Generation (mg) 
  Cu/SIBX=1/2 Cu/SIBX=1/1 Cu/SIBX=2/1 
Time (min) Value Error Value Error Value Error 
2 1.57E-05 1.73E-06 1.18E-05 1.69E-06 6.59E-06 1.15E-07 
5 4.52E-05 2.98E-06 3.43E-05 2.53E-06 2.21E-05 4.37E-06 
8 7.93E-05 3.22E-06 6.43E-05 2.28E-06 4.21E-05 3.32E-06 
10 9.97E-05 4.42E-06 7.86E-05 4.51E-06 5.29E-05 1.45E-06 
20 1.63E-04 2.83E-06 1.16E-04 4.52E-06 8.85E-05 4.37E-06 
30 1.91E-04 6.03E-06 1.52E-04 5.11E-06 1.05E-04 2.42E-06 
 
Cu2X2 and X2 Change in Precipitate 
 
Cu/SIBX=1/2 Cu/SIBX=1/1 Cu/SIBX=2/1 
Time (min) X2 Cu2X2 X2 Cu2X2 X2 Cu2X2 
2 0.00112 0.00112 6.55E-04 7.27E-04 3.83E-04 4.15E-04 
5 0.00142 0.00136 7.01E-04 7.95E-04 3.89E-04 4.42E-04 
8 0.00159 0.00151 7.08E-04 8.19E-04 3.91E-04 4.54E-04 
10 0.00171 0.00161 7.12E-04 8.30E-04 3.85E-04 4.60E-04 
20 0.00192 0.00179 7.16E-04 8.48E-04 3.81E-04 4.63E-04 







Appendix C Publications 
 
From this work, 4 Papers in total have been prepared and the status of each paper is as below: 
1. Yang Shen, C. Lo, D. Nagaraj, R. Farinato, A. Essenfeld and P. Somasundaran. Development of 
Greenness Index as an Evaluation Tool to Assess Reagents. Journal of Minerals Engineering. 2016. 
(Accepted) 
2. Yang Shen, D. Nagaraj, R. Farinato and P. Somasundaran. Study of Xanthate Decomposition in 
Aqueous Solutions. Journal of Minerals Engineering. 2016. (Accepted) 
3. Yang Shen, D. Nagaraj, R. Farinato and P. Somasundaran. Study of Xanthate Decomposition in Ore 
Pulps under Flotation Conditions. To be submitted. (Under Review by Industrial Sponsors to Get 
Permission to Publish) 
4. Yang Shen, D. Nagaraj, R. Farinato and P. Somasundaran. Study of Xanthate Decomposition in 
Solutions Containing Metal Ions. To be submitted. (Under Review by Industrial Sponsors to Get 
Permission to Publish) 
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Evaluation of the impacts of reagents on SHE (safety, health, and the environment) is crucial for 11 
industries, regulatory agencies, and governments; however, it is a nontrivial task and there has not been 12 
universal acceptance of metrics or tools for this purpose. We have been developing an evaluation tool 13 
called Greenness Index to provide a holistic assessment of reagents used in various industries. Analysis 14 
by means of this tool is based on information found in reagent SDSs (safety data sheets) plus metrics for 15 
various consequences when the reagent is used in a particular application. SDSs contain information on 16 
the various properties of a reagent and how it impacts SHE from cradle to grave; however, these 17 
summaries rarely consider the multifarious possibilities of how the reagent may transform during use in 18 
an application. Including such features in a more complete evaluation of the SHE impact of a reagent is 19 
the ultimate goal of our efforts to develop Greenness Index. Efforts reported here are in the preliminary 20 
step of representing the panoply of SHE information found in SDSs in a manner that allows a more 21 
holistic, multi-parametric comparison of reagents. Five clusters (Health Impact, General Properties, Odor, 22 
Fire Safety, and Stability) of attributes that are combined to form a total evaluation were created based on 23 
widely accepted sustainability guidelines such as the Green Chemistry 12 Principles and Green 24 
Engineering 12 Principles. Sorting and binning algorithms were developed to quantify each attribute and 25 
cluster of attributes, resulting in quantitative scores for each. Scores are displayed graphically to help 26 
186 
 
visualize the relative Greenness of the reagent. Displays are in the form of a hierarchy of spider-diagrams. 27 
This Greenness Index method has been applied in a variety of instances to specific reagents used in 28 
various industries such as mineral processing and personal care. Greenness Index analysis of PAX 29 
(Potassium Amyl Xanthate), commonly used as a flotation reagent in mineral processing, is described 30 
here as an example. Results from such an analysis can be incorporated into a decision making process that 31 
facilitates the selection of greener reagents and provides valuable insights to improve and develop 32 
sustainable practices.  33 
 34 
 35 
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With the increasing awareness of environmental problems and their impacts on human health and 54 
welfare, industries are seeking ways to promote sustainable or greener practices and products. Without a 55 
valid understanding and definition of greenness, attempts to boost sustainability or greenness may lack 56 
credibility, leading to inconsistency and insufficiency. The definition of greenness can be rather complex 57 
as it entails a variety of principles and criteria which are weighted differently among industries. The 58 
relative importance of attributes or factors related to greenness adopted by any one industry may also 59 
change over time. In addition, the types of variables used to describe these factors can range from 60 
nominal to ordinal to interval, making the normalization of these variables for the purpose of comparison 61 
a difficult undertaking. Thus, it is a non-trivial challenge to develop metrics or tools that can define and 62 
evaluate the greenness of a reagent or a process holistically. 63 
Efforts have been recently initiated to develop such tools, which invariably possess their own 64 
specialties and capabilities, depending on the goals that they are designed to achieve. LCA (Life Cycle 65 
Assessment) evaluates the potential environmental impacts of a product throughout its entire life cycle
1
. It 66 
is regarded as a useful tool and many industries have applied its principles to assess their products. 67 
However, it is criticized for being geographically dependent, assessing only the potential environmental 68 
effects instead of real impacts, and relying on the inventory of data for
 
the elementary processes involved
2
. 69 
Not-for-profit organizations such as GRI (Global Reporting Initiative) have developed a framework of a 70 
reporting system that provides metrics and methods for measuring and reporting sustainability-related 71 
impacts (such as economic, environmental, and social)
3
. The evaluation is generalized, and for a specific 72 
industry certain attributes may need to be accounted for more thoroughly. Several non-governmental 73 
agencies have also developed programs to evaluate greenness. For example, CCS (Chemical Compliance 74 
Systems, Inc.) created a very thorough and complex system to evaluate reagents from the perspectives of 75 
health, safety, ecological impact, eco-risk, and human health risk using their own centralized Relational 76 
Chemical and Product Database
4





iSUSTAIN evaluates the reagents based on the Green Chemistry 12 Principles
6
. Hence it only addresses 78 
cradle-to-gate issues. Companies have also developed their own models to evaluate products. BASF’s 79 
Eco-Efficiency, as a strategic lifecycle tool, compares relative ecological and economic efficiencies of 80 
alternative products, production processes, and technologies
7
. Cognis’ Four Leaf results in classifications 81 




These tools vary in terms of complexity, ease-of-use, and acceptability. They emphasize different 84 
aspects of greenness and approach it from various angles. Not all of them are publically available. Some 85 
require significant training to run the program, which usually means customers have to rely on the 86 
developers. Some tools require data from private databases. Is there a tool that can be made readily 87 
available publically, uses easily accessible sources, and delivers holistic and easy-to-understand 88 
evaluations from cradle to grave? This paper will present the Greenness Index, which is a tool that we 89 
have been developing with such desirable features. 90 
 91 
 92 
Greenness Index 93 
 94 
The Greenness Index starts with the evaluation of reagents to assess an industry. Reagents play a 95 
key role in many industries, as they are used to control the efficiency or performance of an industrial 96 
process or product. They interact with other components in an application (i.e. other reagents and process 97 
variables), and thus should be evaluated in that context. For example, the optimal condition for a reagent 98 
to function may require certain values of temperature and solution pH during the application process. 99 
Thus, while reagents can be the central focus in a determination and evaluation of greenness, interactions 100 
with other factors must ultimately be taken into account. An evaluation methodology centering on 101 
reagents, but accounting for other explicit factors in an application process was our goal in developing the 102 
Greenness Index.  103 
189 
 
Central to employing the Greenness Index tool, one conducts an evaluation of reagents from 104 
cradle to grave. Some of the other available tools (such as iSUSTAIN) are specialized in evaluating a 105 
reagent in the manufacturing stage. Most companies with a more holistic view of sustainability are more 106 
concerned with evaluating reagents beyond that stage. For example, people in hydraulic fracturing 107 
operations are more concerned with the impacts of fracturing reagents before (i.e. in transit), during (i.e. 108 
throughout the operation), and after fracturing (i.e. downstream environmental effects of the waste 109 
streams). These reagents flow back to the surface with the returned fluid, or may travel in unintended 110 
directions in the formation. Excursions from proper containment can attract a lot of public attention. 111 
Personal care customers are interested in whether a moisture cream applied to their skin might generate 112 
detrimental impacts. Responsible mining companies should be compelled to determine how a collector 113 
behaves during and after a mineral flotation operation. Thus evaluating a chemical over only a portion of 114 
its life cycle (e.g. manufacturing) is insufficient. 115 
The Greenness Index is an attempt to provide an evaluation of a chemical reagent from cradle to 116 
grave perspective. This evaluation Greenness Index covers four major life cycle stages: (i) manufacturing, 117 
(ii) storage and transportation, (iii) usage and processing, and (iv) post-usage and processing; as shown 118 
schematically in Figure 1. The major differences in devising metrics for these categories in different 119 
applications lie predominantly in the ‘usage and processing’ stage. Our strategy to address this is to put 120 
together a set of general criteria that are common to a wide variety of applications, supplemented by more 121 





Figure 1. A reagent’s four major life cycle stages 125 
 126 
Hard data is indispensable for evaluations. The data should represent the impact of a reagent on 127 
SHE (Safety, Health, and Environment) aspects in the four life cycle stages. Data sources include the SDS 128 
(Safety Data Sheet), supplier information, plant processing and operation data, company annual reports, 129 
scientific research, and various models developed to describe behaviors of reagents. Unfortunately most 130 
of these data are unavailable or proprietary, which is one of the biggest challenges that one faces when 131 
trying to use most evaluation tools. Therefore, the Greenness Index aims to make full use of the limited 132 
data available, and helps one identify gaps in the data set that should be filled in order to make a valid 133 
evaluation of a reagent. As more data becomes available from further research, the breadth and value of 134 
the evaluation may be increased. 135 
The Greenness Index evaluation in the following example has been primarily derived from the 136 
information contained in SDSs. Such information includes basic physical and chemical properties of the 137 
reagent, conditions to avoid during storage and transportation, and a list of possible compounds that will 138 
be generated during and after use. It also includes the impacts of a reagent on SHE factors, including 139 
environmental impact (e.g., aquatic toxicity), potential human health risks (e.g., acute and chronic effects), 140 
and mobility and persistence in the environment. Therefore, data found in an SDS can be regarded as a 141 
starting point to formulate a preliminary evaluation of reagents. Work is in progress to fill in necessary, 142 
but missing information regarding the use of reagent through a particular application (e.g. in a mineral 143 
191 
 
processing operation such as flotation). This is being done via a combination of laboratory work on the 144 
chemical fate of a reagent in the process (e.g. degradation products, final effluent profiles, etc.), plus 145 
company surveys to evaluate reagent usage rates, process efficiency metrics (e.g. energy and water usage) 146 
and SHE metrics specific to the particular operation. 147 
 148 
Greenness Index Evaluation using SDS information 149 
  150 
 A SDS can contain up to sixteen sections, not all of which are necessarily included in our 151 
evaluation. Each SDS section contains a variety of properties or features of the reagents, which are called 152 
attributes or factors in the Greenness Index evaluation. Five major evaluation criteria have been created 153 
based on viewing these attributes through the lens of widely accepted philosophies or principles, such as 154 
the Green Chemistry 12 Principles
9
, Green Engineering 12 Principles
10
, and other publications
11
. Specific 155 
industry-related considerations were also taken into account when appropriate and available. For example, 156 
the ICMM (International Council on Mining and Metals) 10 principles
12
 may provide additional material 157 
for certain mining industry applications. The Fracturing Standards put forth by CSSD (Center for 158 
Sustainable Shale Development)
 13
 may be used in evaluating certain oil and gas applications. We labeled 159 
the five evaluation criteria as: Health Impact, General Properties, Odor, Fire Safety, and Stability. 160 
Algorithms to put the disparate factors on comparable scales were developed for each reagent attribute. 161 
Most of the algorithms were based on a complex sorting and binning method. The scoring scale runs from 162 
-5 to +5, where -5 is the least green and +5 is the most green. 163 
 Table 1 shows the sections on a SDS that are included in the Greenness Index evaluation and how 164 







Table 1. Evaluation Criteria and Sections on SDS 170 
Criterion Section on MSDS 
Criterion 1: Health Impact 
3: Hazards Identification 
11: Toxicological Information 
12: Ecological Information 
Criterion 2: General Properties 9: Physical and Chemical Properties 
Criterion 3: Odor 9: Physical and Chemical Properties 
Criterion 4: Fire Safety 5: Fire-Fighting Measures 
Criterion 5: Stability 
10: Stability and Reactivity 
13: Disposal Considerations 
14: Transport Information 
 171 
 172 
Criterion 1: Health Impact 173 
 174 
Several attributes on a SDS are concerned with health related issues, such as LD50 (Lethal Dose, 175 
50%), LC50 (Lethal Concentration, 50%), EC50 (Effective Concentration, 50%), OEL (Occupational 176 
Exposure Limit), the impacts on various organs, and chronic effects (e.g., neurotoxin, carcinogenicity, 177 
and mutagenicity). We classified these attributes further into three subgroups under Health Impact, 178 
namely hazard, acute impact, and chronic impact. Tables 2-4 below show the three groups as well as the 179 
algorithm developed for each attribute. The final result or score for Health Impact will be the average of 180 
all attributes. 181 
 182 
Table 2. Health Impact: Hazard subgroup 183 
 Range Score  Range Score 
LC50 Inhalation 
(mg/L) 
>20 5  (1, 2.5] -1 
(15, 20] 4  (0.75, 1] -2 
(10, 15] 3  (0.5, 0.75] -3 
(7.5, 10] 2  (0.25, 0.5] -4 
(5, 7.5] 1  ≤0.25 -5 
(2.5, 5] 0    
LC50 Aquatic 
Toxicity (mg/L) 
>5000 5  (5, 10] -1 
(1000, 5000] 4  (1, 5] -2 
(500, 1000] 3  (0.5, 1] -3 
193 
 
 Range Score  Range Score 
(100, 500] 2  (0.1, 0.5] -4 
(50, 100] 1  ≤0.1 -5 






>2000 5  (20, 50] -1 
(1000, 2000] 4  (10, 20] -2 
(500, 1000] 3  (5, 10] -3 
(200, 500] 2  (2, 5] -4 
(100, 200] 1  ≤2 -5 
(50, 100] 0    
OEL (ppm) 
>30000 5  (1, 10] -1 
(10000, 30000] 4  (0.1, 1] -2 
(3000, 10000] 3  (0.01, 0.1] -3 
(1000, 3000] 2  (0.001, 0.01] -4 
(100, 1000] 1  ≤0.001 -5 
(10, 100] 0    
 184 
 185 
Table 3. Health Impact: Acute Impacts subgroup (Eyes, Skin, Ingestion and Inhalation) 186 
Keyword Score 
Burn -5 
Irreversible Injury -5 
Injury -4 





Nasal Discharge, Vomit, Gastric or Intestinal 
Disorders 
2 
Respiratory Symptoms 2 
 187 
 188 
Table 4. Health Impact: Chronic Impacts subgroup 189 







 From Tables 2-4, it can be seen that the sorting and binning algorithms are different according to 192 
the attribute. LD50, LC50, EC50, and OEL were categorically binned according to a logarithmic scale, 193 
similar to the evaluation scheme used by GESAMP (Joint Group of Experts on the Scientific Aspects of 194 
Marine Environmental Protection)
14
. The scaled binning approach allows one to place attributes into 195 
numerical value-based categories in order to understand the impact of a hazard from a broad perspective. 196 
This logarithmic scale approach was based on the NOEC (No Observed Effect Concentration), which is 197 
defined as the highest concentration tested at which no significantly different effects (e.g. survival, 198 
reproduction, or growth) are observed compared to the control population. OELs vary according to the 199 
organization or institution
15
. The OEL can be the PEL value (Permissible Exposure Limits) of OSHA 200 
(Occupational Safety and Health Administration), the REL (Recommended Exposure Limit) of NIOSH 201 
(National Institute for Occupational Safety and Health), or the TLV (Threshold Limit Value) of ACGIH 202 
(American Conference of Governmental Industrial Hygienists). These values are typically listed on the 203 
SDS. The OEL score is usually taken as the lowest score that results from the PEL, REL, or TLV values. 204 
The assessment for acute impacts was scaled according to the intensity of reaction to skin, eyes, 205 
inhalation, or ingestion using a fuzzy logic algorithm. This fuzzy logic scheme allows users (e.g. 206 
company attorneys, environmental, health or safety officers) to choose appropriate values to represent 207 
acute human health factors. The acute impacts are typically related to skin or respiratory distress. 208 
Irritation and allergic reactions are counted as the less severe conditions. Corrosive injuries and burns are 209 
rated more severe and, therefore, receive a lower score. Skin, being the largest organ of the human body, 210 
is constantly exposed to the environment. Skin exposures and inhalations result in the majority of end 211 
user accidents; therefore the acute impact factor is an important factor in the assessment of greenness.  212 
Chronic impacts were evaluated using a binary logic code. This approach alerts the user as to 213 
whether the material property is a chronic human health factor, i.e. carcinogen, mutagen, neurotoxin, 214 
teratogen, or endocrine disruptor. To some users, this binary function for chronic health effects can be a 215 




Criterion 2: General Properties  218 
         219 
 The ‘General Properties’ attributes of a reagent are indicative of potential harm regarding SHE 220 
factors. Most of the physical and chemical properties listed on a SDS were included in the evaluation 221 
within this category.  222 
 With the exception of pH, the algorithm used to determine the scaling of attributes from General 223 
Properties is based on a lumped evaluation. For the case of pH, a value closer to 7 would receive a higher 224 
score, while a more acidic or basic value would receive a lower score. When a reagent has a neutral pH, it 225 
is safer to use than when it becomes acidic or basic; whereupon it may start to generate potential harm. 226 
Equation 1 shows the formula for calculating the score for pH. 227 
 228 
 pH: Score = 10 x (1-|pH-7|/7) – 5                                                                                      Equation 1 229 
 230 
 On a SDS, the section for physical and chemical properties is sub-divided into categories such as: 231 
volatility and vaporization, spills and leaks, and dosage and dilution. These categories are diverse, but 232 
they are relevant. Each numerical attribute was scaled according to a linear decay or growth pattern 233 
resulting in a scaling from -5 to +5. Each attribute value was fit into one of the bins generated. Scaled 234 
attribute values were then combined to calculate a lumped value. Tables 5-16 list the algorithms used for 235 
calculating the scaled attribute score. Generally, for physical properties (boiling point, melting point, 236 
freezing point, vapor pressure, water/oil distribution coefficient, water solubility, specific gravity, percent 237 
solids, and percent volatile) a larger value results in a higher score, meaning when these properties have 238 
larger values the reagent is safer, more stable, or less likely to generate harm from a SHE perspective. For 239 
the remaining properties, a smaller value results in a higher score, meaning that when these properties 240 






Table 5. General Properties: Melting Point (°C), Boiling Point (°C) and Freezing Point (°C) 245 
Range Score  Range Score 
>1000 5  (33, 65] -1 
(500, 1000] 4  (16, 33] -2 
(250, 500] 3  (8, 16] -3 
(125, 250] 2  (0, 8] -4 
(65, 125] 1  ≤0 -5 
 246 
Table 6. General Properties: Vapor Pressure (mmHg) 247 
Range Score  Range Score 
>5000 5  (167,325] -1 
(2500, 5000] 4  (84, 167] -2 
(1250, 2500] 3  (42, 84] -3 
(650, 1250] 2  (0, 42] -4 
(325, 650] 1  ≤0 -5 
 248 
Table 7. General Properties: Vapor Density (Air = 1) 249 
Range Score  Range Score 
>65 -5  (5, 10] 1 
(25, 65] -3  (1, 5] 3 
(10, 25] -1  ≤1 5 
 250 
Table 8. General Properties: Specific Gravity (Water = 1) 251 
Range Score  Range Score 
>10 5  (0.33, 0.65] -1 
(5, 10] 4  (0.16, 0.33] -2 
(2, 5] 3  (0.08, 0.16] -3 
(1, 2] 2  (0, 0.08] -4 





Table 9. General Properties: Evaporation Rate (Butyl Acetate = 1) 254 
Range Score  Range Score 
>1000 -5  (33, 65] 1 
(500, 1000] -4  (16, 33] 2 
(250, 500] -3  (8, 16] 3 
(125, 250] -2  (4, 8] 4 
(65, 125] -1  ≤4 5 
 255 
Table 10. General Properties: Solubility in Water (by Weight %) 256 
Range Score  Range Score 
≥1 5  (0.033, 0.065] -1 
(0.5, 1] 4  (0.016, 0.033] -2 
(0.25, 0.5] 3  (0.008, 0.016] -3 
(0.125, 0.25] 2  (0, 0.008] -4 
(0.065, 0.125] 1  ≤0 -5 
 257 
Table 11. General Properties: Percentage of Solid (by Weight %) 258 
Range Score  Range Score 
≥1 5  (0.033, 0.065] -1 
(0.5, 1] 4  (0.016, 0.033] -2 
(0.25, 0.5] 3  (0.008, 0.016] -3 
(0.125, 0.25] 2  (.008] -4 
(0.065, 0.125] 1  ≤0 -5 
 259 
Table 12. General Properties: Percentage of Volatile (by Volume) 260 
Range Score  Range Score 
≥0.9 -5  (0.033, 0.065] 1 
(0.5, 1] -4  (0.016, 0.033] 2 
(0.25, 0.5] -3  (0.008, 0.016] 3 
(0.125, 0.25] -2  (0, 0.008] 4 





Table 13. General Properties: VOC (Volatile Organic Compound) with or without Water (lbs/gal) 263 
Range Score  Range Score 
>1000 -5  (33, 65] 1 
(500, 1000] -4  (16, 33] 2 
(250, 500] -3  (8, 16] 3 
(125, 250] -2  (4, 8] 4 
(65, 125] -1  ≤4 5 
 264 
Table 14. General Properties: Molecular Weight (kg/mol) 265 
Range Score  Range Score 
>1000 -5  (33, 65] 1 
(500, 1000] -4  (16, 33] 2 
(250, 500] -3  (8, 16] 3 
(125, 250] -2  (4, 8] 4 
(65, 125] -1  ≤4 5 
 266 
Table 15. General Properties: Viscosity (mPa·s) 267 
Range Score  Range Score 
>1000 -5  (33, 65] 1 
(500, 1000] -4  (16, 33] 2 
(250, 500] -3  (8, 16] 3 
(125, 250] -2  (4, 8] 4 
(65, 125] -1  ≤4 5 
 268 
Table 16. General Properties: Water/Oil Distribution Coefficient 269 
Range Score  Range Score 
1 5  (0.033, 0.065] -1 
(0.5, 1] 4  (0.016, 0.033] -2 
(0.25, 0.5] 3  (0.008, 0.016] -3 
(0.125, 0.25] 2  (0, 0.008] -4 
(0.065, 0.125] 1  ≤0 -5 
199 
 
Criterion 3: Odor 270 
 271 
Evaluation of Odor is separate from General Properties since odor is a crucial property 272 
for use in many applications (e.g. flotation) and it directly affects those who are in immediate 273 
contact with the reagent. Odor evaluation uses a fuzzy logic algorithm to determine severity 274 
based on the type of odor. Odor threshold limits were not taken into account since SDSs do not 275 
include this attribute. Table 17 shows the algorithm used to obtain the score for odor. 276 
 277 
Table 17. Odor 278 
Odor None Mint Pleasant Mild Odorless Amine Amine-like 
Score  5 5 5 5 5 2 2 
        
Odor Alcohol Disagreeable Sulfur Mercaptan H2S CS2 Rotten Egg 
Score  -3 -3 -5 -5 -5 -5 -5 
 279 
 280 
Criterion 4: Fire Safety 281 
 282 
 Flammability of a reagent is crucial during storage and transportation, as special care is required 283 
to ensure that they are not under conditions that can lead to ignition. Evaluation of the Fire Safety section 284 
takes into account flammability limits, flash points, auto-ignition temperatures, and the NFPA (National 285 
Fire Protection Association) hazard classification. The flammability limits are based on volume 286 
percentages, so the algorithm demarcated the ranges linearly in sets of tens of percentages. Evaluation 287 
based on linear functions as an indicator of fire hazard classification allowed the evaluation of the 288 
flammability limits to cover the mass amount needed. The calculation is done according to Equation 2. 289 
Flash point and auto-ignition temperatures were grouped into logarithmically separated bins. This was 290 
done in order to account for the nonlinear relationship between these critical temperatures and the severity 291 
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of their consequences. NFPA hazard classifications were transformed to fit a scaled range from -5 to +5. 292 
This conversion allowed the hazard classification data to fit readily into the Greenness Index format. The 293 
data ranges corresponding to Fire Safety related scores are shown in Tables 18-20. 294 
 295 
 Flammability Limit (FL) in Air (%): Score = FL/10 – 5                                                   Equation 2 296 
 297 
Table 18. Flash Point (°C) 298 
Range Score  Range Score 
>500 5  (16, 33] -1 
(250, 500] 4  (8, 16] -2 
(125, 250] 3  (2, 8] -3 
(65, 125] 2  (0, 2] -4 
(33, 65] 1  ≤0 -5 
 299 
Table 19. Auto-Ignition Point (°C) 300 
Range Score  Range Score 
>1000 5  (33, 65] -1 
(500, 1000] 4  (16, 33] -2 
(250, 500] 3  (8, 16] -3 
(125, 250] 2  (4, 8] -4 
(65, 125] 1  ≤4 -5 
 301 
Table 20. NFPA: Health, Flammability and Reactivity 302 










Criterion 5: Stability 305 
         306 
 Evaluation of Stability considers the chemical stability of the reagent, housekeeping and storage 307 
issues, as well as DOT (Department of Transportation) Hazard and RCRA (Resource Conservation and 308 
Recovery Act) Hazard classifications. Chemical stability is treated as a binary factor; i.e. is the reagent 309 
chemically stable or unstable. Decomposition was gauged according to the number of decomposition 310 
products produced that are regulated by the US EPA (Environmental Protection Agency), CAA (Clean 311 
Air Act), or CWA (Clean Water Act). Other factors, such as conditions or materials to avoid when using 312 
the reagent, were folded into the evaluation using a fuzzy logic scheme. DOT and RCRA hazard classes 313 
were also allocated according to a fuzzy logic scheme. These schemes were used to generate greenness 314 
scores for the stability related parameters shown in Tables 21-25 below. 315 
 316 
Table 21. Stability 317 




Table 22. Materials/Conditions to Avoid; Incompatibility/Decomposition/Polymerization 319 
Material/Conditions to avoid Score 
Strong Oxidizer 3 
Strong acid 2 
Strong base 2 
Temperature fluctuation 1 
Moisture -3 
Ignition source -1 
Heat 2 
Decomposition Will Not Occur if Used and Stored according to Specifications 4 
Acids and Alkali Metals 3 




Table 23. Number of Decomposition Products Regulated by CAA and CWA 321 












0 All Hazmat 3 
1 Explosives 3 
2 Gas 3 
3 Flammable 3 
4 Flammable Solid Combustible 3 
5 Organic 3 
6 Poison 0 
7 Radioactive -4 
8 Corrosives 3 
9 Dangerous -5 
 324 




d001 Ignitability 2 
d002 Corrosivity 3 
d003 Reactivity 0 







Visualization of Greenness Index using Spider Diagrams 330 
         331 
 There are many ways of presenting the results of an analysis using the Greenness Index or any 332 
evaluation tool. Spider diagrams are well suited for visualizing the output results. The scores calculated 333 
for each criterion can be arranged in the form of spider diagrams, with larger enclosed areas representing 334 
greener reagents. An example of a spider diagram containing up to 30 hypothetical parameters is shown 335 
in Figure 2. Moreover, the attributes within each of the five criteria can also be displayed to as a 336 
collection of secondary spider diagrams. The primary spider diagram allows an overall visualization of 337 
reagent greenness, while secondary diagrams give a more detailed view of each individual attribute. 338 
 339 
 340 
Figure 2. Example of a Spider Diagram 341 
 342 
 For many reagents, not all of the sections on an SDS are complete. To address such information 343 
gaps, the score is set to zero when the required information is unavailable. All the missing information is 344 
listed in a data table (called Greenness Index Table), with the percentage of available information used in 345 
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generating the Greenness Index output. Such a percentage gives an indication of the confidence one might 346 
have in the evaluation. Information gaps should then be addressed accordingly. 347 
 A Greenness Index evaluation, comprised of primary and secondary spider diagrams and the 348 
Greenness Index Table, constitutes the main output from our work. It is best used to compare the relative 349 
greenness of two reagents within a specific application. This comparison can provide a reliable basis, 350 
along with cost and performance analyses, for deciding which reagent is the more green/acceptable.  351 
 352 
Summary Greenness Index 353 
  354 
Algorithms have been developed for scoring various parameters for attributes derived from 355 
information (various physical, chemical, and biological properties) found in a SDS for a reagent. The 356 
results of this scoring are grouped into five criteria and provide the basis for evaluating the greenness of a 357 
reagent. The output of this evaluation may be presented in a simple graphical format that gives a holistic 358 
view of a reagent’s greenness. Within each criterion, a more detailed analysis of the individual attributes 359 
may also be presented in the form of secondary spider diagrams. The logic behind the various algorithms 360 
for re-scaling data according to 11-point scales is presented above. This normalization and subsequent 361 
scoring allows for representing otherwise disparate data in a single diagram. This approach makes 362 
evaluating a reagent or comparing two reagents easier. The results may be used in decision making in 363 
plant operations and sustainability reporting. The scoring scheme is customizable and the algorithms can 364 
easily be modified to reflect changes in regulations regarding the reagent’s SHE impact. 365 
 366 
An Example of Greenness Index Evaluation of a Mining Reagent 367 
  368 
 We have conducted Greenness Index evaluations using SDS information for reagents used in a 369 
variety of industries such as nanotechnology, mining, oil and gas, and consumer products. Some of these 370 
reagents are known to cause health and environmental issues in their respective applications, and require 371 
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replacement with greener reagents. In the mineral processing industry, xanthates are commonly used as 372 
sulfide flotation collectors, whose function is to adsorb and render hydrophilic mineral particle surfaces 373 
hydrophobic so that they can attach to a rising gas bubble and be lifted into the froth phase as part of the 374 
separation process
16-17
. However, xanthates can generate harmful volatile decomposition products during 375 
storage and during the flotation process
18-19
. A more holistic evaluation and analysis of xanthates is an 376 
important step towards making a decision whether to replace a xanthate or design onsite precautions to 377 
mitigate exposure. To that end we have evaluated PAX (Potassium Amyl Xanthate), one xanthate 378 
typically used in flotation operations, using the Greenness Index tool
20
. 379 
 The Greenness Index evaluation output for PAX is shown in Figures 3 and 4 as a primary spider 380 
diagram and four secondary spider diagrams. Since odor has only one score there is no diagram for it. The 381 
Greenness Index Table, shown in Table 25, shows the average scores and the percentages of available 382 
information for each criterion.  383 
 384 





(a) Secondary Spider Diagram: Health Impact 388 
 389 
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(c) Secondary Spider Diagram: Fire Safety 392 
 393 
(d) Secondary Spider Diagram: Stability 394 




































Table 25. Greenness Index Table 398 
Criterion Score Information Available 
Health Impact 0.81 50% 
General Properties 0.63 19% 
Odor -3.00 100% 
Fire Safety 1.50 67% 
Stability 2.29 86% 
   
Average 0.44 64% 
 399 
  400 
From the primary spider diagram (Figure 3), it can be seen that the overall Greenness Index for 401 
PAX is on the low side. PAX has a disagreeable smell that led to the low score for Odor. Details behind 402 
the other scores can be seen in the secondary spider diagrams. For example, the low score for the 403 
“Hazardous Decomposition or By-Products” category can be attributed to the number of hazardous 404 
degradation products known for PAX. The SDS for PAX indicates that it can generate up to five 405 
decomposition products including carbon monoxide, carbon disulfide, and carbonyl sulfide, which are 406 
clearly identified by the EPA as air pollutants. 407 
 408 
Conclusions 409 
         410 
There is a definite general trend for companies to develop greener products and processes. In 411 
order to do this effectively, there is a need for good definitions and a tool to evaluate greenness. However, 412 
developing such a tool is a nontrivial task. Reagents play an indispensable role in most industrial 413 
processes and an evaluation tool must include them in any evaluation of greenness. Tools have been 414 
developed from different perspectives in order to evaluate reagents. We have worked to develop a tool 415 
that can be made publicly available, use easily accessible data, and provide holistic and easy-to-416 
understand assessments. 417 
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The Greenness Index discussed here is being developed to evaluate reagents from cradle to grave, 418 
including that reagent’s passage through a particular industrial process. While the more complete tool is 419 
still in development, the present report shows our approach to evaluating a chemical prior to its use in an 420 
application. SDSs have been the primary data source used in evaluating safety, health and environmental 421 
impacts. The scheme for evaluating these data is based on widely accepted guidelines such as those found 422 
in the Green Chemistry 12 Principles and Greenness Engineering 12 Principles. The evaluations are 423 
grouped into five major criteria. Sorting and binning algorithms have been developed to first put all 424 
attribute values on comparable scales, and then scored on an 11-point scale. The multi-parametric 425 
Greenness Index output can be best visualized via two levels of spider diagrams. While the primary 426 
diagram gives a 5-category high level view of the data, the secondary spider diagrams show more detail. 427 
Missing information is tracked in the Greenness Index Table, which allows an assessment of the 428 
confidence that one should place in the results, and where critical information may need to be generated. 429 
      As an example, in this work we used the Greenness Index tool to evaluate a typical reagent used 430 
in mineral processing industry, the flotation collector PAX (Potassium Amyl Xanthate). Deficiencies in 431 
the greenness of this reagent were readily visualized in the Greenness Index output, and particular 432 
problems related to odor and decomposition products were clearly displayed. 433 
 The Greenness Index can be used to evaluate and compare reagents so that greener reagents 434 
might be justified and introduced. Ultimately this tool will provide guidance for choosing routes to 435 
greener plant practice. The portion of the Greenness Index discussed here, where the main data source is 436 
readily available SDSs, can be regarded as a starting point for final tool that can provide an assessment of 437 
a reagent from cradle to grave, including the effects of using this reagent in a particular industrial process. 438 
The methods described here establish a framework for a holistic evaluation of reagents, and can provide a 439 
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Abstract 6 
Xanthate is one of the commonly used collectors in froth flotation beneficiation of sulfide 7 
ores. It could decompose and generate toxic compounds such as carbon disulfide (CS2) which is 8 
a concern in the mining industry. A vast body of literature exists for studies on xanthate/mineral 9 
interactions, but xanthate decomposition under various conditions (e.g., in solutions or flotation 10 
pulps) is not fully understood. We have undertaken detailed studies to fill this knowledge gap, 11 
and this paper shows our study of the xanthate decomposition in aqueous solutions in the 12 
absence of minerals. This condition has not been appropriately examined by past researchers, 13 
while decomposition under this condition is control to other complicated ones (e.g., in flotation 14 
pulps). A GC-MS based method was developed to directly measure the decomposition products 15 
in the gas phase. Decomposition kinetics was then established based on the generation of CS2. 16 
Decomposition followed the first order kinetics, and the rate constant for Sodium iso-Butyl 17 













 at 70°C. The effect of pH on decomposition behavior was examined in the 19 
pH range of 1.5 to 12.5. We determined experimentally a maximum in the decomposition extent 20 
as a function of pH, which was predicted theoretically in literature. A mechanism involving 21 
multiple reactions that occurred in parallel or in sequence along with the decomposition was 22 
proposed to explain the observed change of xanthate decomposition in the entire pH range. 23 
These results offer valuable insights and can serve as the basis to mitigate the detrimental effects 24 
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of xanthate decomposition in plant operations, for example, by modifying plant parameters to 25 
reduce xanthate decomposition without sacrificing its performance. 26 
Key Words:  27 





















Xanthate (or alkyl dithiocarbonate, R-OCS2
-
) is a widely used collector in the flotation 47 
beneficiation of base metal (such as copper, nickel, zinc, and iron) sulfides and precious metal 48 
ores, besides its role as a reactant or additive in pesticide, rubber, cellulose, and pharmaceutical 49 
industries since the 18
th
 century [1-3]. It is also known to hydrolyze in aqueous solutions and 50 
flotation pulps to continually generate toxic species such as carbon disulfide (CS2), which can 51 
accumulate in the flotation plants and thus present a significant hazard on the safety, health and 52 
environment (SHE). In recognition of the potential health impacts from the hazardous gases 53 
accumulating in the enclosed infrastructures and the chronic exposure to the decomposition 54 
products, regulatory bodies are limiting the permissible level of CS2 in the ambient atmosphere. 55 
The permissible limit for CS2 release has decreased from 10ppm to 1ppm in the US and Canada 56 
[10]. Measures need to be taken to apply xanthate in a benign and sustainable manner in the 57 
flotation operations, reducing the negative SHE impacts. This requires a detailed understanding 58 
of the decomposition behavior of xanthate. While extensive studies have been conducted in the 59 
past eight decades to understand the interactions between xanthate and sulfide minerals as well 60 
as precious metals [4-9], the decomposition behavior remains poorly understood. To develop a 61 
more complete understanding of xanthate decomposition, we have taken steady investigations 62 
towards examining the decomposition behavior of xanthates under various conditions (e.g., in 63 
aqueous solutions in the absence of minerals and in ore pulps under flotation conditions). This 64 
paper focuses on Sodium iso-Butyl Xanthate (SIBX) decomposition in aqueous solutions in the 65 
absence of minerals, which is a control for other conditions. 66 
Decomposition is defined as the breakup of the xanthate anion into pieces (such as carbon 67 
disulfide or carbonyl sulfide). Dimerization or oxidation of xanthate to dixanthogen ((R-OCS2)2) 68 
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is not included in the definition of decomposition, though it was included in some studies [11]. 69 
There are a few published studies on xanthate decomposition in aqueous solutions in the absence 70 
of minerals [11, 12]. In these studies, researchers applied a similar method called Stopped Flow 71 
Technique (SFT) developed by Tornell to investigate the decomposition [13-15]. SFT employs 72 
UV-vis spectroscopy as the primary technique to track the decrease of xanthate in the aqueous 73 
solutions. The amounts of decomposition products generated were derived from the relationship 74 
of residual xanthate content as a function of time. This method suffered from several limitations 75 
in spite of adopting a meticulous protocol for preparing and measuring the concentrations of 76 
solution species. For example, decomposition products in the gas phase could not be identified 77 
directly and CS2 had to be assumed to be the only product in the gas phase. The UV-vis band 78 
assignments for xanthate and its relevant compounds (such as xanthic acid or dixanthogen) were 79 
not unanimously agreed upon. SFT was not suitable for heterogeneous solutions containing 80 
minerals (i.e., in ore pulp of flotation operation). Last but not least, the decrease of xanthate in 81 
solution might not be solely due to decomposition. Despite of the limitations of SFT, certain key 82 
findings have been reported. 83 
Iwasaki et al. [16], Finkelstein [17], and Tipman et al. [18] indicated that oxygen did not 84 
affect decomposition in acidic and alkaline solutions. It permits studying xanthate decomposition 85 
under ambient conditions; i.e. exposure to air. Researchers have examined the impact of pH on 86 
decomposition more than that of any other factor. It was generally believed that decomposition is 87 
greater under acidic conditions than under alkaline conditions. However, in alkaline solutions, 88 
multiple reactions were associated with the xanthate decomposition process, in contrast to the 89 
dominance of a single step reaction in acidic solutions. For example, under acidic conditions, 90 
xanthate decomposes to CS2, whereas under alkaline conditions it also forms dixanthogen [19], 91 
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perxanthate [19, 20], monothio- and dithio-carbonates [21], and trithiocarbonate [12]. With 92 
respect to kinetics, xanthate decomposition was reported to follow a first order law regardless of 93 
pH [16, 17, 22-27]. Multiple reactions in parallel or in sequence [12, 19-21] accompanied the 94 
decomposition reaction, but the CS2 generation was still found to obey the first order kinetics [17, 95 
27]. Nevertheless, it is unclear as to whether the decomposition reaction should be unimolecular 96 
[16, 22-24, 26] or bimolecular [25]. It remains uncertain as to whether there existed a maximum 97 
decomposition extent as a function of pH. Ballard et al. [22], Klein et al. [24] and Iwasaki et al. 98 
[26] proposed such a maximum when pH reached a certain low level while others did not [16, 99 
23]. Under alkaline conditions, Tipman et al. [18] found that decomposition remained almost 100 
unchanged with pH, while Finkelstein [17, 27] observed that it still decreased.  101 
Although studies were found on xanthate decomposition in the literature, they are limited 102 
and with inadequate methods and conflicting results. As explained above, the decomposition was 103 
not fully understood in aqueous solutions in the absence of minerals. It is, however, necessary to 104 
have sufficient knowledge of decomposition under this control condition so as to elucidate this 105 
behavior under other conditions. This paper reports the study of SIBX decomposition in aqueous 106 
solutions in the absence of minerals with a new method markedly different from the SFT. A 107 
method was adopted to analyze the decomposition products in the gas phase directly by GC-MS 108 
(Gas Chromatography-Mass Spectroscopy). SIBX decomposition was examined as a function of 109 
time, xanthate concentration, and pH. One goal of the study was to determine whether the 110 
decomposition kinetics could be assessed by analyzing the decomposition products in the gas 111 
phase. A second goal was to examine whether or not a maximum decomposition extent exists. A 112 
third goal was to discuss and propose probable parallel and sequential reactions that may be 113 





Sodium iso-Butyl Xanthate (SIBX, (CH2)2CHCH2OCS2Na) with ≥ 99% purity was 117 
obtained from Cytec Industries. Fresh xanthate solutions were prepared right before each 118 
experiment. Reagent Grade CS2 with ≥ 99.9% purity was purchased from Fisher Scientific. A 119 
series of standard solutions of CS2 with different concentrations in distilled water were prepared 120 
to develop a calibration curve for the estimation of the CS2 generated upon SIBX decomposition. 121 
Water used was triple distilled (EC=1.5 μΩ
-1
). Reagent Grade HCl and NaOH, obtained from 122 
Sigma Aldrich, were used to regulate the pH levels of the SIBX solutions. 123 
Method 124 
Our scheme to assess xanthate decomposition under various conditions (e.g., in solution 125 
in the absence of minerals or ore pulps under flotation conditions) is shown in Figure 1.  126 
 
Figure 1. General scheme for measuring decomposition products 
218 
 
A reactor where decomposition takes place is to simulate the desired conditions and 127 
accumulate decomposition products. The impact of factors can be examined by modifying the 128 
conditions in the reactor. The decomposition products in different phases can be either directly 129 
sent to the instrument for measurement, or collected and then subsequently sent for measurement. 130 
The instruments for measuring decomposition products in various phases include GC-MS, FTIR, 131 
UV-vis, and Raman. 132 
Based on the scheme in Figure 1, the experimental procedure to study decomposition in 133 
aqueous solution in the absence of minerals is shown in Figure 2. The reactor is a 10ml glass vial 134 
that can be crimped with an aluminum cap lined with a silicone septum. A Teflon film is 135 
deposited at the bottom of septum facing inside the vial. In each test, stock SIBX solution and 136 
distilled water were introduced into the vial to obtain a 1ml SIBX solution at a desired 137 
concentration. The temperature was controlled by placing the vial in an incubator. 1ml of the 9ml 138 
headspace was extracted and transferred to the GC-MS for measurement after a given time. Each 139 
vial was used for only one measurement and the above procedure was repeated to prepare 140 
another vial for a new measurement. 141 
 
Figure 2. Experimental scheme for measuring decomposition products in the gas phase 
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Due to the high selectivity, accuracy and sensitivity, GC-MS was selected to measure the 142 
decomposition products in the gas phase. The versatile MPS (multipurpose sampler) developed 143 
for the GC-MS is capable of extracting and transferring the sample in the headspace from a 144 
sealed vial to the column. There is an incubator as part of the MPS that can hold the vial at a 145 
chosen temperature before the headspace is extracted. This sampler enables direct measurement 146 
of the SIBX decomposition products generated in the gas phase. The model of GC-MS used in 147 
this study was Agilent 6890GC/5973MS. MPS was from Gerstel. The column was DB-5MS 148 
(30m length, 0.25mm I.D., and 0.25µm film thickness). The temperature program for the column 149 
was 35°C (2min) + 15°C/min to 120°C + 30°C/min to 300°C. Other key parameters of the GC-150 
MS during measurements were: split ratio 5:1, injection port temperature 200°C, and flow rate 151 
1ml/min. Three variables, namely decomposition time, initial SIBX concentration, and pH, were 152 
examined and Table 1 summarizes the details of the experimental program.  153 
Table 1 Experimental program for measurements of SIBX decomposition 154 








0.5, 1, 2, 3, 4, 5, 6, 
8, 10, 12, 14, 24 
Ca. 6.8 0.05 25, 50 and 70 
SIBX 
Concentration 
2 Fixed at 7 
0.05, 0.1, 0.25, 0.5, 
0.75, 1 
50 
pH 2 1.5 to 12.5 0.05 25 
^Counted from when the vial was sealed until the headspace was extracted for GC/MS 155 
measurement. 156 
*Represents the initial pH of the solution. 157 
# 
Initial concentration of SIBX solution. 158 
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Results and Discussion 159 
Figure 3 shows the GC-MS chromatogram for the decomposition products generated in 160 
the gas phase as a function of time (with each chromatogram provide information about the 161 
decomposition products after a certain decomposition interval).  162 
 
Figure 3. GC-MS chromatogram of decomposition products from 0.05wt.% SIBX solution 
 163 
The peaks in the chromatogram represented the decomposition species. Only one product 164 
was detected for 0.05wt.% SIBX solution at 25°C at pH 6.8. It appeared at ca. 1.90 min of 165 
retention time and was identified from its mass spectrum as CS2. Its intensity increased with time. 166 
The decomposition kinetics could thus be studied by determining the amount of CS2 as a function 167 
of time. Evaluation of decomposition kinetics based on CS2 was consistent with that reported in 168 
literature, which assumed that CS2 was the only decomposition product from xanthate.  169 
221 
 
Decomposition vs. Time 170 
Using the calibration curve for CS2, amounts of CS2 generated from SIBX decomposition 171 
were estimated from the peak area. Figure 4 shows the amount of CS2 from SIBX decomposition 172 
as a function of time at 25, 50 and 70°C. 173 
 
Figure 4. “CS2 Generated” vs. Time for 0.05wt.% SIBX solution at 25,  50 and 70°C  
 174 
Below the calculation for the decomposition rate constant based on the CS2 generated 175 
from SIBX decomposition is demonstrated. The SIBX decomposition for the generation of CS2 176 
can be written as:  177 
(CH3)2CHCH2OCS2Na + H2O ⟺ CS2 + (CH3)2CHCH2OH + NaOH 
---------- Eq. 1 178 
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Controversy exists with respect to whether the decomposition reaction should be uni-179 
molecular (i.e., xanthate and water first form xanthic acid which then decomposes) or bi-180 
molecular (i.e., shown by Eq.1). We believe that the bi-molecular reaction is more reasonable. 181 
This is because xanthic acid is a moderately strong acid (pKa =2.23 for butyl xanthic acid [12]), 182 
so under the alkaline, neutral, and weakly acidic conditions, xanthic acid dissociates. Moreover, 183 
it was found that molecular xanthic acid was stable in aprotic solvents, therefore there is no 184 
reason why it should decompose spontaneously in water [28].  185 






= k1[SIBX] − k2[(CH3)2CHCH2OH][CS2][NaOH] 
---------- Eq. 2 187 
 wherein [𝐶𝑆2], [𝑆𝑖𝐵𝑋], [(𝐶𝐻3)2𝐶𝐻𝐶𝐻2𝑂𝐻], and [𝑁𝑎𝑂𝐻] are the concentrations of CS2,  188 
SIBX, iso-Butanol, and NaOH in solution, respectively; k1 and k2 are the reaction rate constants 189 
for the forward and reverse directions of Eq. 1.  190 
As duration for the decomposition was short, the amount of CS2 generated was very low 191 
(seen from Figure 4) and a much smaller amount relative to that of SIBX. Therefore, the reverse 192 







---------- Eq. 3 194 
 The generation of CS2 was measured at various SIBX concentrations to confirm that 195 
decomposition followed the first order rate law as implied by Eq. 3. 196 
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Decomposition vs. Initial SIBX Concentration 197 
Typical concentrations of xanthates used in flotation are 50-500ppm, according to the 198 
type of ores under flotation beneficiation [1, 2]. In the literature, studies of decomposition also 199 
encompassed a variety of dosages, some of which were higher than the actual amount that is 200 
typically used for flotation. Thus, solutions with initial SIBX concentration ranging from 0.05 to 201 
1% wt were investigated. Figure 5 shows the CS2 generated as a function of the initial SIBX 202 
concentration. 203 
 
Figure 5. “CS2 Generated” vs. “SIBX Concentration” for 0.05 to 1% wt solution at 50°C for 2h 
 204 
A linear relationship was seen from the CS2 generated vs. the initial SIBX concentration, 205 
confirming the decomposition to follow the first order kinetics.  206 
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Decomposition Kinetics 207 
Decomposition followed the first order rate law, so Eq. 4 could be obtained from Eq. 3: 208 
ln[SIBX]t = −k1t + ln[SIBX]0 
---------- Eq. 4 209 
wherein [𝑆𝐼𝐵𝑋]0 and [𝑆𝐼𝐵𝑋]𝑡 are the initial (at time=0) and residual (at time=t) SIBX 210 
concentration in solution, respectively.  211 
The concentration of SIBX in solution at a certain decomposition time can be calculated 212 
based on the CS2 in the gas phase: 213 




---------- Eq. 5   214 
wherein 𝑚(𝐶𝑆2)𝑎𝑖𝑟  is the mass of CS2 in the gas phase. The CS2 generated will be 215 
partitioned between the solution and gas phases. The partition coefficient of CS2 is difficult to 216 
obtain in solutions containing xanthate, as it is continuously decomposing. Thus, the calculation 217 
above only accounted for CS2 that ended up in the gas phase only.  218 



















at 70°C for the 0.05wt.% SIBX solution 220 
at pH 6.8. Compared to the rate constant calculated by previous researchers, we found that it was 221 




 at 25°C at pH 7 [17, 18, 27]. The value in our case was higher. Four 222 
possible causes are listed below to explain the difference: 223 
225 
 
1) pH level: slightly different in our study (pH=6.8) compared to that in literature (pH=7). 224 
2) Experimental techniques: UV-vis spectroscopy tracked the decrease of xanthate in 225 
solutions to calculate the decomposition rate constant, while we used GC-MS to directly measure 226 
CS2 in the gas phase. Early studies using the UV-vis spectroscopy suffered from the issue of 227 
ambiguous assignment of bands to xanthate and its related compounds (such as xanthic acid and 228 
dixanthogen), leading to an inaccuracy in the subsequent quantification of the UV-vis bands.  229 
3) Type of xanthates: Ethyl, butyl, and amyl xanthates were used in the past studies, 230 
while iso-butyl xanthate was used throughout our study. 231 
4) Approaches used to calculate the rate constant: in prior work a complex decomposition 232 
pathway was presumed, which combined either the uni- or bi- molecular decomposition reaction 233 
with other reactions that xanthate was involved in. In the derivation of rate equations, additional 234 
assumptions were made which introduce unknown variables. Consequently, the rate constant 235 
could be obtained as long as all the other variables were computed together. This approach, 236 
adopted by prior researchers, is rather difficult to evaluate the decomposition kinetics. Moreover, 237 
their approach was conducted in a reverse manner because they fit the data to their presumed 238 
decomposition pathway. This approach could result in misleading interpretations since a set of 239 
data could well fit more than one possible pathway. On the contrary, our approach as shown 240 
above calculated the decomposition rate constant directly from our experimental data according 241 
to Eq.1. With respect to the multiple reactions (occurring in parallel or sequentially with the 242 
decomposition reaction) that could affect decomposition, we attempted to find them by varying 243 
solution conditions. For example, a list of the probable reactions that could occur in different pH 244 
ranges is given below.  245 
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Assessment of Decomposition at Different pH Levels 246 
Prior studies discuss the impact of pH relatively more frequently than any other factor. 247 
Although pH has been acknowledged to affect decomposition significantly, its impact is still not 248 
understood adequately. Our study was aimed to examine the impact of pH over a wider range 249 
compared to other studies in literature that investigated this factor under strictly acidic or alkaline 250 
conditions. The CS2 generated measured from the SIBX solutions as a function of pH between 251 
1.5 and 12.5 is illustrated in Figure 6. 252 
 
Figure 6. Generation of CS2 at different pHs from 0.05wt.% SIBX solution 
 253 
The CS2 generation profile indicates that the decomposition was higher under acidic 254 
conditions. A maximum decomposition extent was observed at ca. pH 2.2. This observation was 255 
in accord with the findings from several researchers [22, 24, 26]. Notably, while we could 256 
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confirm the occurrence of this maximum in our study using GC-MS, it could not be reliably 257 
observed in SFT using UV-vis spectroscopy. CS2 generation was lower at pH levels above this 258 
maximum and decreased moderately as pH continued to increase beyond this. Such a negligible 259 
decrease in the CS2 generation at high pH agreed with Finkelstein’s result [17, 27], in which the 260 
decomposition was shown to decrease even though the decrease was minor. 261 
In order to understand how decomposition changes vs. pH may have been due to different 262 
decomposition mechanisms, investigating probable parallel or sequential reactions would be 263 
required. However at present we could only reasonably propose the multiple reactions associated 264 
in the decomposition process at different pH levels. We elaborate these plausible parallel or 265 
sequential reactions accompanying the basic decomposition reaction (Eq. 1) as below: 266 
1. At neutral pH (Region III) the decomposition followed: 267 
(CH3)2CHCH2OCS2Na + H2O ⟺ CS2 + (CH3)2CHCH2OH + NaOH 
---------- Eq. 1 268 
2. When pH decreased, the decomposition of SIBX can be rewritten as: 269 
(CH3)CHCH2OCS2Na + H
+ → (CH3)CHCH2OH + CS2 ↑ +Na
+ 
---------- Eq. 6 270 
 This explains why decomposition increased when pH decreased (Region II). 271 
However, when pH further decreased to ca. 2.2, an additional reaction was assumed to 272 
occur: 273 
(CH3)CHCH2OCS2
− + H+ → (CH3)CHCH2OCS2
−H+ 
---------- Eq. 7 274 
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According to this reaction, SIBX would be stabilized and CS2 generation would 275 
consequently be less at lower pH (Region I). Eq. 7 is the reaction for the formation of a xanthic 276 
acid-like compound (CH3)CHCH2OCS2
−H+or the protonated form of the xanthic acid that could 277 
stabilize xanthate anion and prevent the decomposition [22, 24, 26].  278 
3. When pH increased (i.e. OH- increased), the OH- ions could inhibit Eq. 1 from occurring, 279 
so the generation of CS2 would be reduced. Furthermore, the CS2 generated would start 280 
interacting with OH
-




2− + 3H2O 
---------- Eq. 8 282 
Combining Eq. 8 with Eq. 1, SIBX decomposition in weakly alkaline solution can be 283 
expressed as: 284 
6(CH3)CHCH2OCS2Na + 3H2O → 6Na
+ + 6(CH3)CHCH2OH + CO3
2− + 3CS2 + 2CS3
2−    285 
---------- Eq. 9 286 
This leads to less CS2 generated compared to that under neutral or acid conditions.  287 
When pH further increases, CS2 further interacts with OH
-
 via [12]: 288 
CS2 + 6OH
− → 2S2− + CO3
2− + 3H2 
---------- Eq. 10 289 
Combining Eq. 10 with Eq. 1, decomposition in strong alkaline solutions can be 290 




− → Na+ + (CH3)CHCH2OH + CO3
2− + 2S2− + 2H2O 
---------- Eq. 11 292 
Eq. 9 and 11 explain Region IV. Under strong alkaline conditions, CS2 will no longer be 293 
generated when Eq. 10 dominates. 294 
The above multiple reactions occurring in parallel and sequential provide a rationale for 295 
the decomposition behavior under different pH conditions. They clarify the discrepancies in 296 
literature (e.g., whether there was a maximum and whether decomposition still decreased in 297 
alkaline solution). Figure 7 shows a schematic of the likely types of compounds at different pH 298 
levels based on the above reactions. Compounds such as dixanthogen [19], perxanthate [19, 20], 299 
and monothio- and dithio- carbonates [21] that appear under alkaline conditions are also included. 300 
 Figure 7. Distribution of xanthate compounds in different pH regions; 
CS2: carbon disulfide; R-OCS2
-





















Compared to the SFT method based on UV-vis spectroscopy, our GC-MS based method 303 
provided a direct approach for studying xanthate decomposition behavior and clarified previous 304 
discrepancies. The decomposition kinetics was re-evaluated by calculations based on the CS2 305 
measured in the gas phase. The impact of crucial factors such as pH could be investigated in-306 
depth using this method. A systematic analysis over a wide range of pH was rationalized in terms 307 
of multiple reactions that occur in parallel and sequential along with the decomposition reaction. 308 
Features such as the decomposition maximum at low pH were confirmed and a plausible 309 
explanation offered. This study may be used as the basis for devising possible measures that 310 
could be taken to mitigate decomposition (e.g., by modifying operation parameters to reduce 311 
xanthate decomposition without affecting its performance). It is also a control for further studies 312 
of decomposition under flotation conditions. 313 
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Supplement Information 401 
1. Standard Calibration Equation for CS2 (Carbon Disulfide) 402 
Magnitude of Peak Area 
Calibration Equation: 






 2.38 2.6E-06 
10
6
 2.50 1.6E-05 
10
7
 3.15 -1.34E-04 
10
8
 4.26 -2.58E-03 
*In our tests the headspace in the vial is 9ml. 403 
2. CS2 Generated from 0.05wt.% SIBX Solution at 25, 50 and 70°C up to 4 hours (for Figure 4) 404 
Time (h) 
25°C 
Peak Area Mass (mg) Average Mass (mg) Error 
0.5 
1.32E+05 5.16E-05 






















Peak Area Mass (mg) Average Mass (mg) Error 
0.5 
6.35E+06 1.57E-03 




















Peak Area Mass (mg) Average Mass (mg) Error 
0.5 
5.28E+07 1.38E-02 





































5.16E-05 1.17E-04 5.00E-01 2.91E+00 -5.84087505 
-5.84064166 
0.000233393 
5.12E-05 1.16E-04 5.00E-01 2.91E+00 -5.87087350 0.000231842 
5.14E-05 1.16E-04 5.00E-01 2.91E+00 -5.84087437 0.000232714 
1 
1.28E-04 2.90E-04 5.00E-01 2.91E+00 -5.84122158 
-5.84064166 
0.000579925 
1.25E-04 2.83E-04 5.00E-01 2.91E+00 -5.84120829 0.00056664 
1.26E-04 2.86E-04 5.00E-01 2.91E+00 -5.84121305 0.000571391 
2 
4.40E-04 9.95E-04 4.99E-01 2.90E+00 -5.84263434 
-5.84064166 
0.001992687 
4.41E-04 9.97E-04 4.99E-01 2.90E+00 -5.84263843 0.001996767 
4.39E-04 9.94E-04 4.99E-01 2.90E+00 -5.84263230 0.001990646 
3 
5.86E-04 1.33E-03 4.99E-01 2.90E+00 -5.84329770 
-5.84064166 
0.002656047 
5.98E-04 1.35E-03 4.99E-01 2.90E+00 -5.84335181 0.002710156 
5.81E-04 1.32E-03 4.99E-01 2.90E+00 -5.81327525 0.002633587 
4 
7.64E-04 1.73E-03 4.98E-01 2.90E+00 -5.84410658 
-5.84064166 
0.003464921 
7.68E-04 1.74E-03 4.98E-01 2.90E+00 -5.84412190 0.003480247 
















1.57E-03 3.56E-03 4.96E-01 2.89E+00 -5.84778437 
-5.84064166 
0.007142711 
1.56E-03 3.53E-03 4.96E-01 2.89E+00 -5.84772284 0.007081184 
1.59E-03 3.59E-03 4.96E-01 2.89E+00 -5.8478459 0.007204242 
1 
2.89E-03 6.55E-03 4.93E-01 2.87E+00 -5.85382025 
-5.84064166 
0.013178589 
2.87E-03 6.49E-03 4.94E-01 2.87E+00 -5.85370318 0.013061522 
2.95E-03 6.69E-03 4.93E-01 2.87E+00 -5.8541065 0.013464812 
2 
6.69E-03 1.51E-02 4.85E-01 2.82E+00 -5.8713918 
-5.84064166 
0.02949325 
6.42E-03 1.45E-02 4.85E-01 2.82E+00 -5.87013491 0.030750152 
6.49E-03 1.47E-02 4.85E-01 2.82E+00 -5.87045229 0.029810634 
3 
1.06E-02 2.41E-02 4.76E-01 2.77E+00 -5.88993829 
-5.84064166 
0.049296636 
1.07E-02 2.43E-02 4.76E-01 2.77E+00 -5.89036996 0.049728304 
1.06E-02 2.40E-02 4.76E-01 2.77E+00 -5.88987086 0.049229205 
4 
1.41E-02 3.20E-02 4.68E-01 2.72E+00 -5.9066798 
-5.84064166 
0.066038122 
1.44E-02 3.26E-02 4.67E-01 2.72E+00 -5.9080522 0.067410502 


















1.38E-02 3.11E-02 4.69E-01 2.73E-03 -5.90496675 
-5.84064166 
0.064325088 
1.43E-02 3.24E-02 4.68E-01 2.72E-03 -5.90766101 0.067019351 
1.31E-02 2.96E-02 4.70E-01 2.73E-03 -5.90177011 0.061128456 
1 
2.67E-02 6.04E-02 4.40E-01 2.56E-03 -5.96929177 
-5.84064166 
0.128650115 
2.63E-02 5.95E-02 4.41E-01 2.56E-03 -5.96723544 0.126593781 
2.71E-02 6.14E-02 4.39E-01 2.55E-03 -5.97158357 0.130941916 
2 
4.98E-02 1.13E-01 3.87E-01 2.25E-03 -6.09583473 
-5.84064166 
0.255193075 
4.24E-02 9.60E-02 4.04E-01 2.35E-03 -6.05394027 0.21329861 
4.92E-02 1.11E-01 3.89E-01 2.26E-03 -6.09264333 0.252001672 
3 
6.95E-02 1.57E-01 3.43E-01 1.99E-03 -6.21864512 
-5.84064166 
0.378003458 
7.07E-02 1.60E-01 3.40E-01 1.98E-03 -6.22659187 0.385950213 
7.15E-02 1.62E-01 3.38E-01 1.97E-03 -6.23166346 0.391021806 
4 
9.46E-02 2.14E-01 2.86E-01 1.66E-03 -6.39951214 
-5.84064166 
0.558870481 
8.89E-02 2.01E-01 2.99E-01 1.74E-03 -6.35524546 0.514603807 
8.64E-02 1.95E-01 3.05E-01 1.77E-03 -6.33644748 0.495805821 
 407 
By plotting ln[SIBX]0-ln[SIBX]t against time, the slope is the rate constant. 408 
Temperature (°C) Linear Fit – R
2
 Rate Constant or Slope Standard Error 
25 0.98 9.3E-04 3.4E-05 
50 0.99 1.7E-02 2.7E-04 
70 0.99 1.3E-01 3.3E-03 
 409 
4. CS2 Generated vs. Initial SIBX for 0.05 to 1wt.% solution at 50°C for 2h (for Figure 5) 410 
Concentration Peak Area Mass (mg) Average Mass (mg) Error 
0.05 
2.65E+07 6.32E-03 




1.34E-02 2.23E-04 5.28E+07 1.38E-02 
5.12E+07 1.33E-02 















1.40E-01 2.04E-03 4.13E+08 1.36E-01 
4.27E+08 1.41E-01 
 411 
By plotting mass of CS2 against time, the linear relationship is obtained. 412 
Slope Intercept Linear Fit – R
2
 
Value Standard Error Value Standard Error 
1.38E-01 1.19E-03 -4.43E-04 9.57E-05 0.99 
 413 
5. CS2 Generated at Different pHs for 0.05wt.% SIBX Solution for 2 hrs at 25°C (for Figure 6) 414 
pH Peak Area Mass (mg) Average Mass (mg) Error 
1.69 
2.72E+08 8.13E-02 
















3.33E-02 1.69E-03 1.46E+08 3.30E-02 
1.55E+08 3.63E-02 
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Abstract 6 
Adverse behaviors of a mining reagent used in the mineral processing industry can lead 7 
to severe impacts on SHE (Safety, Health and Environment). One example of such behaviors is 8 
xanthate decomposition which generates toxic and hazardous compounds such as CS2 and COS. 9 
In the literature, xanthate decomposition has been mostly studied in aqueous solutions in the 10 
absence of minerals, which is of limited guidance for mining companies to mitigate the adverse 11 
effects. Therefore, this paper shows the efforts taken to investigate the decomposition in ore pulp 12 
during flotation operation, which is a critical step in mineral processing industry to separate the 13 
various minerals. New method was developed to simulate the flotation conditions and collect the 14 
decomposition products. Before it was used, evaluation of the setup was conducted to examine 15 
the overall efficiency of collecting CS2 and the feasibility of detecting as low as 1ppm CS2. With 16 
adequate validations, this setup was applied to study xanthate decomposition under two sets of 17 
flotation conditions. One set of conditions is similar to that used in the plant. Our results indicate 18 
that the generation of CS2 is below 1ppm, which is different from what is typically observed in 19 
the plant. The reason is that the continuous flotation mode in the plant actually leads to the 20 
decomposition time above the flotation time considered here. Therefore, the other set of flotation 21 
conditions is proposed, with a longer flotation time and a higher temperature close to the melting 22 
point of CS2 to enhance its escape out of the ore pulp. By examining the effects of time, ore 23 
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loading and xanthate concentration on decomposition, it is found that the minerals have a major 24 
impact on decreasing xanthate decomposition due to the multiple interactions occurring among 25 
xanthate and the minerals, which lead to a variety of compounds with diverse decomposition 26 
kinetics. The overall decomposition of these compounds altogether is slower compared to that of 27 
free xanthate ion, so the decomposition is decreased in the presence of minerals. Understanding 28 
the decomposition properties of those compounds formed among xanthate and minerals is crucial 29 
to elucidate the overall xanthate decomposition behavior in the complex ore pulp system. 30 
 31 
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Xanthate, a commonly used reagent in the mineral processing, has been widely applied as 48 
a collector in froth flotation beneficiation of sulfides [1-6]. Many researchers have investigated 49 
the interaction mechanism between xanthate and minerals, which provides valuable insights for 50 
mining companies to improve the metallurgical performance in separating different minerals [7-51 
12]. The decomposition, which is another important chemical fate property of the reagents, has 52 
not been well understood. The adverse decomposition behavior can lead to serious impacts on 53 
the SHE (Safety, Health and Environment) [1, 2, 13-15]. The permissible limit of CS2 (Carbon 54 
Disulfide), which is a typical decomposition product from xanthate, has been recently decreased 55 
to 1ppm in US and Canada [16]. Thus, it is necessary to mitigate the negative impacts. 56 
Limited investigations have been found in the literature on xanthate decomposition. Most 57 
of them are only for the idealized conditions, such as thermally [17] or in aqueous solutions 58 
alone without other components [18-23]. Studies of decomposition under processing conditions 59 
are rare. Decomposition during froth flotation has not been reported. Xanthate decomposition 60 
under conditions relevant to the mineral processing operations is more of a concern to the mining 61 
companies with respect to the implementation of measures to reduce detrimental impacts of the 62 
decomposition. 63 
Lack of studies on xanthate decomposition under flotation conditions is partially due to 64 
the lack of sufficient methods. In the literature, two major methods have been used to investigate 65 
xanthate decomposition. The first one is SFT (Stopped Flow Technique) [24]. SFT evaluates the 66 
decomposition by tracking the decrease of xanthate in aqueous solutions. To increase accuracy 67 
and the detection limit of the instruments (such as UV-vis, IR and Raman) to perform better in 68 
detecting xanthate and its relevant compounds in solution, enhancement measures have been 69 
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developed, including flow injection [25], ion chromatographic interaction [26], negative-ion fast 70 
atom bombardment [27], and vacuum ultraviolet laser excitation [28]. Nevertheless, SFT suffers 71 
from two major deficiencies: 1) decrease of xanthate in solution is not due to decomposition 72 
solely; 2) it is inappropriate for the heterogeneous solutions containing minerals. The second is 73 
the HAGIS (Headspace Analysis Gas-Phase Infrared Spectroscopy) based method which detects 74 
the species in the gas phase produced from thermal decomposition of xanthate on the mineral 75 
surfaces [29-32]. HAGIS measures the decomposition products directly, so it is more accurate 76 
than SFT to evaluate the decomposition. Since decomposition is examined after xanthate is 77 
adsorbed on minerals, HAGIS simulates the conditions in the plant when flotation is completed 78 
and the concentrates are filtered and dried. This study marks the beginning of the investigation 79 
under the processing-related conditions, but HAGIS might not be suitable to examine 80 
decomposition under flotation conditions. 81 
Froth flotation is a complex process in which a variety of physical, mechanical and 82 
chemical interactions occur among the reagents and minerals [8, 9, 12, 33]. Performance of this 83 
process is crucial with respect to the separation of minerals [3, 4]. Similarly, decomposition 84 
during the froth flotation process can be affected by all these interactions. Understanding how 85 
the various factors in the flotation operation affect decomposition adds valuable information to 86 
develop the mitigation measures. 87 
Since the method to examine the decomposition under froth flotation conditions is not yet 88 
available, this paper first presents our developed method that can simulate the batch flotation and 89 
collect the decomposition products. Then evaluation of the efficiency of the experimental setup 90 
is shown. Finally, the results and analysis for xanthate decomposition under flotation conditions 91 





The reagents under the examination of decomposition behavior: SIBX (Sodium iso-Butyl 95 
Xanthate, (CH2)2CHCH2OCS2Na) with ≥ 99% purity was obtained from Cytec Industries. PAX 96 
(Potassium Amyl Xanthate, CH3CH2CH2CH2CH2OCS2K) with ≥ 99% purity was obtained from 97 
Prospect Chemicals.  98 
Reagent Grade CS2 with ≥ 99.9% purity was purchased from Fisher Scientific. Reagent 99 
Grade HCl and NaOH were obtained from Sigma Aldrich. Reagent Grade Toluene was 100 
purchased from Fisher Scientific. Granular Activated Carbon Nuchar SA-20 (with the size ≤ 101 
150μm) was purchased from MWV Specialty Chemicals. MIBC (Methyl iso-Butyl Carbinol or 102 
4-Methyl-2-Pentanol, 98%) was purchased from Sigma Aldrich. F160-09, which is a blend of 103 
polyglycol ethers used as frother in flotation, was provided by Vale Canada Inc.  104 
Ore #1 was obtained from Vale Inc., Canada. Mineralogical analysis shows that the ore 105 
contains 40-70% nickel sulfide, 15-40% copper sulfide, 3-7% nickel, 0.5-1.5% iron silicate and 106 
other minerals. Ore #2 was obtained from Newmont, Inc.. Mineralogy analysis shows that it 107 
contains ~1% chalcopyrite (0.3% Cu), 15% pyrite, 68% quartz, and other minerals.  108 
Water used was triple distilled (EC=1.5 μΩ
-1
). Fresh xanthate solutions were prepared 109 
right before each experiment, and discarded after two hours upon its first use. A series of 110 
standard solutions of CS2 with different concentrations in distilled water were prepared to 111 




Method Development 114 
Our scheme to assess xanthate decomposition under various conditions (e.g., in solution 115 
in the absence of minerals or ore pulps under flotation conditions) is shown in Figure 1.  116 
 117 
 118 
Figure 1. General scheme for measuring decomposition products 119 
 120 
A reactor where decomposition takes place is to simulate the desired conditions and 121 
accumulate decomposition products. The impacts of factors can be examined by modifying the 122 
conditions in the reactor. The decomposition products in different phases can be either directly 123 
sent to the instrument for measurement, or collected and then subsequently sent for measurement. 124 
The instruments for measuring decomposition products in various phases include GC-MS, FTIR, 125 
UV-vis, and Raman. 126 
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Based on the scheme in Figure 1, the experimental setup to study decomposition in ore 127 
pulp under flotation conditions is shown in Figure 2. The essence of the experimental setup is to 128 
simulate the flotation conditions in the reactor and collect the decomposition products in the gas 129 
phase using the absorbents. This simulation-based approach offers real-time assessment of the 130 
degree of decomposition in ore pulp during the froth flotation. However, due to the fact that air is 131 
constantly pumped into the reactor during flotation, it is a challenge for any instrument to deal 132 
with the excessive air during measurement. Thus for the decomposition products in the gas, they 133 
are firstly collected from the excessive air and then sent to measurement. In this way, it provides 134 
the flexibility to precede flotation partially or completely, so the strength of decomposition along 135 
the duration of flotation can be tracked.  136 
 137 
Figure 2. Experimental setup for studying decomposition under flotation conditions 138 
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The reactor vessel is comprised of a cylindrical resin flask and a lid. The cylindrical body 139 
is made of glass and an outlet at the bottom of the reactor is a stopcock made of Teflon. The 140 
inner space of the reactor, along with the lid closed, accounts for a volume of 250ml. Rubber ring 141 
at the rim of cylindrical reactor and at the rims of the lid opening provides air-tightness to the 142 
reactor. The lid comprises of four sealable openings. The four openings on the lip are for the 143 
purpose of addition of reagents, enabling usage of a thermometer, and for air input and output. 144 
Air is introduced into the solution/pulp phase by immersing a tube through the air-input opening. 145 
The air from this tube is released into the solution/pulp phase through a frit that is at the bottom 146 
part of the tube. The frit allows the air to be generated into the solution/pulp phase as micro-sized 147 
bubbles. A frit is also installed at the exit point of the air-input opening to prevent backflow of 148 
ore pulp or froth out of the tube. The openings for the thermometer, and air input and output are 149 
installed with rubber or glass stopper attachment to avoid leaking. The opening for addition of 150 
reagents can be closed by a rubber stopper. The bottom stopcock of the reactor is kept closed 151 
during the entire process of the tests.  152 
The opening for the air output is connected to a collection assembly to capture the 153 
decomposition products generated in the gas phase of the reactor. The collection assembly is 154 
consisted of three different absorbents, which are placed in sequence, especially to ensure 155 
complete adsorption of the decomposition products. The different absorbents are activated 156 
carbon, toluene, acetone, and NaOH solution. For activated carbon as absorbent, the glass vial is 157 
placed horizontally with the aim to maximize contact of the decomposition products with 158 
activated carbon. For other absorbents in the liquid form, they can be held in sealed glass vials 159 





Two types of vials are used for the collection assembly. Type 1 is 10ml cylindrical glass 163 
vial with a crimpled cap made of aluminum. Type 2 is specially manufactured 20ml two-ended 164 
cylindrical glass vial with screw cap made of plastic. The septum for both types of caps is made 165 
of silicon. A Teflon film is deposited at the bottom of septum facing inside the vial. GC-MS uses 166 
Type 1 vials to extract headspace for measurement. Type 1 vials are also used in our tests to hold 167 
liquid absorbents, such as toluene. Type 2 vials are used to hold solid absorbents, such as 168 
activated carbon.  169 
Needles (size: 18G 1½) are easily inserted through the cap and maximum of two needles 170 
could be accommodated through one septum. Teflon tubes inserted into needles are used as 171 
connectors for the setup.  172 
Three types of syringes are used. Type 1 is 20ml air-tight glass syringes that are used to 173 
accurately measure liquid absorbents. It is also used to inject organic solvent to desorb the 174 
activated carbon. Upon desorption of activated carbon, which settled in organic solvent (toluene), 175 
type 2, the 10ml plastic syringe, is used to extract the supernatant. 0.2μm Whatman syringe 176 
filters, purchased from Sigma Aldrich, is used to ensure clear supernatant solution indicating 177 
removal of carbon. Type 3 is the 5μl gold standard syringe purchased from Agilent that is used to 178 
extract liquid absorbent or the supernatant for GC-MS measurements. 179 
 180 
Instrument 181 
GC-MS is used to analyze the chemical composition of the gas phase and estimate their 182 
content in the gas phase. The GC-MS used is acquired from Agilent 6890GC/5973MS. Two 183 
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columns are used by GC-MS interchangeably. One is DB-5MS (30m length, 0.25mm I.D. and 184 
0.25µm film thickness) and the other is HP-PLOTQ (30m length, 0.32mm I.D. and 0.20µm film 185 
thickness). Key parameters of GC-MS in measurements are: split ratio 5:1, injection port 186 
temperature 200°C, and flow rate constant 1ml/min. 187 
 188 
Experimental Programs 189 
With the above experimental method developed, it is necessary to know its performance 190 
before using it to measure xanthate decomposition under flotation conditions. The performance 191 
suggests the relationship between the actual amount of a decomposition product and that can be 192 
measured by GC-MS. In our previous study, it was found that CS2 (Carbon Disulfide) is the 193 
major and only decomposition product that could be detected from xanthate decomposition in the 194 
presence of Ore #1 or 2. Thus, CS2 was used to evaluate the performance of the experimental 195 
setup. In our previous study, it was also found that one activated carbon labeled as Nuchar has a 196 
satisfactory adsorption ability; the optimal desorption method for it is the solvent extraction with 197 
toluene; and the combination of the absorbents as Nuchar, toluene and NaOH can adsorb the CS2 198 
adequately, so this combination is used in the collection assembly. 199 
Performance of the Experimental Setup 200 
The performance of the experimental setup is dictated by the efficiencies of the reactor 201 
and collection assembly of transferring the decomposition products out for measurement. The 202 
efficiency indicates the relationship of the amount of CS2 finally detected compared to the actual 203 
amount of CS2 existing in the setup. The loss of CS2 due to its adsorption on the inner walls and 204 
connectors determines the efficiency. 205 
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The performance of the experimental setup was examined following the orders of the 206 
absorbents, collection assembly and the entire setup. The approach to examine the efficiency of 207 
the absorbent depends on its type. Liquid absorbents such as toluene and NaOH can be measured 208 
by GC-MS directly, so what is adsorbed in them can be measured completely [34]. On the other 209 
hand, absorbents such as the activated carbon Nuchar need to be desorbed before being sent to 210 
the GC-MS [35-38]. The efficiency of Nuchar can be calculated by passing a known amount of 211 
CS2 through it and then examining how much can be recovered from it. Figure 3 shows how the 212 
efficiency of Nuchar is examined. A known amount of CS2 are added to Nuchar, and left for 1 213 
hour before 7ml toluene is added into the vial for the solvent extraction. The mixture is extracted 214 
after 3 hours, and then filtered to obtain the supernatant. 2μl of the supernatant is injected into a 215 
10ml sealed vial to get measured by GC-MS.  216 
 217 
 218 




The approach to determine the efficiency of the collection assembly is similar to that for 221 
Nuchar by passing a known amount of CS2 through the collection assembly and comparing how 222 
much is captured by the collection assembly. It is done as follows: place an empty vial between 223 
the reactor and the collection assembly in the setup shown in Figure 2; inject a known amount of 224 
CS2 into the empty vial; CS2 is carried into the collection assembly by the air pumped into the 225 
reactor. The residual CS2 content in the empty vial and captured CS2 content by three absorbents 226 
are examined by GC-MS to evaluate the efficiency of the collection assembly. 227 
The approach to determine the efficiency of the entire setup is the same as that is done for 228 
the collection assembly except that no additional vial is added into the setup in Figure 2 and the 229 
known amount of CS2 is directly injected into the reactor. 230 
Detection of 1ppm CS2 231 
Another crucial aspect of the experimental setup is to determine the detection limit of CS2. 232 
Regulations in US and Canada have decreased the permissible limit of CS2 from 10ppm to 1ppm 233 
recently [16]. Therefore, 1ppm CS2 is set the limit to check whether it can be measured from the 234 
experimental setup. 235 
1ppm CS2 is injected into the reactor (as shown in Figure 2) in which the batch flotation 236 
conditions are simulated. The flotation is continued for a certain period which is also applied for 237 
decomposition studies. Then flotation is paused, and all the absorbents are sent to GC-MS for 238 
measurements.  239 
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Measurement of Xanthate Decomposition under Flotation Conditions 240 
After method development in terms of designing the experimental setup and assessing its 241 
performance in terms of capturing the decomposition products, xanthate decomposition behavior 242 
were studied under the flotation conditions. Two sets of flotation conditions were simulated. In 243 
one case conditions similar to that of the plant operations were simulated, while in the other, 244 
certain parameters related to processing conditions were aggravated to enhance the generation of 245 
decomposition products. Major parameters of the two sets of flotation conditions are shown in 246 
Table 1 and Table 2. 247 
 248 
Table 1. Parameters of the Set 1 flotation conditions 249 




Xanthate – PAX 200ppm 
 
Aeration Rate  50 mL/min 
Solid Percent 33wt% Stirring Rate  450rpm 
Frother (F160-09) 20ppm pH  12 
Modifier - Temperature  25°C 
Condition Time 2min  Flotation Time 10min 
 250 
Table 2. Parameters of the Set 2 flotation conditions 251 




Xanthate – SIBX 400-2000 Aeration Rate  50 mL/min  
Solid Percent 30wt% Stirring Rate  450rpm  
Frother - MIBC 15ppm pH  9 
Modifier - Temperature  70°C  




The purpose of Set 1 flotation conditions is to determine the decomposition under a plant 253 
operation except that it is batch flotation in the lab while it is continuous flotation in the plant.  254 
The purpose of Set 2 flotation conditions is to examine the effects of flotation time, ore 255 
loading and initial xanthate concentration on decomposition under flotation conditions. Xanthate 256 
ranged from comparable to higher dosages of that used in plants. The temperature of the reactor 257 
was kept at 70°C, which is the boiling point of CS2, to enhance it escape from the reactor.  258 
Results and Discussions 259 
Air-Tightness of the Entire Setup 260 
Leak at any part of experimental setup can lead to the loss of decomposition products, so 261 
the air-tightness was checked before any investigation was conducted. The air-tightness of the 262 
experimental setup was examined in the presence and absence of collection assembly with and 263 
without agitation. The results are shown below in Table 3. 264 
 265 
Table 3. Air-Tightness of the experimental setup 266 
 
With Collection Assembly  Without Collection Assembly 
With Agitation  Without Agitation  With Agitation  Without Agitation  
Input (ml/min) Output (ml/min)  Output (ml/min) Output (ml/min) Output (ml/min) 
30.00 30.00 30.00 30.00 29.95 
40.00 39.95 40.00 40.00 40.00 
50.00 50.00 50.00 50.00 50.00 




As seen from Table 3, the air input and output are in a very good agreement (no air 268 
leakage) within the range of flow rate that we have considered here for the experiments to study 269 
SIBX decomposition behavior. The frits are also not found to increase resistance for air passing 270 
through it. Therefore, it is feasible to use them to prevent backflow of the ore pulp. 271 
 272 
Efficiency of Nuchar, Collection Assembly and the Entire Setup 273 
Solutions at different known concentrations of CS2 were used to examine the efficiency 274 
of Nuchar. Here, CS2 amount considered was within the range of 0.01 - 0.05 ml (i.e., 12.63 - 275 
63.50 mg). The results are summarized in Table 4.  276 
 277 
Table 4. Efficiency evaluation of Nuchar 278 





The relationship between the recovered CS2 from Nuchar and originally added CS2 is 280 
Recovered = 0.73 × Originally Added − 0.06, R2=0.99. Performance of Nuchar is considered 281 
satisfactory in terms of adsorption and desorption of CS2, although the amount of CS2 desorbed 282 
rely on the time given. The performance of Nuchar is taken into account during the evaluation of 283 
the efficiencies of the collection assembly and the entire setup, the results of which are shown in 284 





Figure 4. Efficiency evaluation of the Collection Assembly and the entire setup 288 
 289 
The relationship between the detected and originally added CS2 from the collection 290 
assembly is Detected = 0.83 × Originally Added + 0.38, R2=0.99, and for the entire setup is  291 
Detected = 0.52 × Originally Added + 1.76, R2=0.99. It can be seen that ca. 80% of the added 292 
CS2 can be detected from the collection assembly, suggesting that 20% is lost. The detection is 293 
around 50% for the entire setup. Since 20% is lost in the collection assembly, 30% loss is then 294 
mainly due to the reactor. 12.63 - 63.50 mg CS2 was used to evaluate the efficiency of Nuchar, 295 
the collection assembly and the entire setup. The efficiencies are subject to change if other 296 
dosages of CS2 are used. These efficiencies should be re-evaluated according to the actual 297 
amount of CS2 generated from xanthate decomposition in later tests under flotation conditions. 298 
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Detection of 1ppm CS2 299 
Detecting significantly lower levels of CS2 in this study is emphasized, especially with 300 
regard to its relevance in mineral processing operations. The regulations impose a permissible 301 
limit of CS2 in the air to as low as 1ppm. Therefore, we decided to test whether 1ppm CS2 could 302 
be detected from the setup. The results are shown in Figure 5, in which two chromatographs can 303 
be seen. The black chromatograph with a high and sharp peak of CS2 is for the case of 1ppm CS2 304 
in air directly detected by GC-MS, while the blue one with a weak but still distinguishable peak 305 
of CS2 is for the case of 1ppm CS2 measured from the setup. A large proportion of the 1ppm CS2 306 
is lost in the setup, but 1ppm CS2 can still be detected from the setup. 307 
 308 
 309 
Figure 5. Detection of 1ppm CS2 directly or from our setup 310 
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Decomposition of PAX in Ore #1 Pulp under Set 1 Flotation Conditions 311 
Decomposition of PAX was investigated in Ore #1 pulp under Set 1 flotation conditions 312 
with parameters shown in Table 1. The chromatograph obtained for the absorbents are shown in 313 
Figure 6. It can be seen that no decomposition products can be detected for PAX. Since the 314 
experimental setup can detect low to 1ppm CS2, it suggests that the generation of CS2 is less than 315 
1ppm. In the plant operations, cases of higher than 1ppm CS2 are reported due to the fact that in 316 
our lab tests we tested in the fashion of batch flotation while in plant the flotation is a continuous 317 
process. CS2 accumulates over a period for a continuous process at certain spot of the plants can 318 
lead to a high level. 319 
 320 
 321 
Figure 6. Chromatographs of the absorbents for PAX decomposition 322 
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Decomposition of SIBX in Ore #2 Pulp under Set 2 Flotation Conditions 323 
Under Set 1 flotation conditions, the decomposition is too low to be detected. However, it 324 
is necessary to see how decomposition is affected under the flotation conditions. Therefore, Set 2 325 
flotation conditions was chosen which differs mainly in the decomposition time and temperature 326 
compared to that of Set 1. The parameters for Set 2 flotation conditions are shown in Table 2. 327 
The time is extended to simulate the cumulative effects in plant. The temperature is increased to 328 
be close to the melting point of CS2 to facilitate its release from the ore pulp. Decomposition can 329 
be measured by modifying these two parameters. Meanwhile, Ore #2 was used instead of Ore #1 330 
as the former has simpler composition than the latter. Xanthate used was SIBX so as to compare 331 
with our previous studies of SIBX decomposition in aqueous solutions in the absence of ores as 332 
the control condition [39]. 333 
The effects of time, pH and initial concentration of SIBX were examined in our previous 334 
studies of SIBX decomposition in aqueous solutions. These factors except pH were also studied 335 
for SIBX decomposition in Ore #2 pulp under flotation conditions. Since the change of pH in the 336 
solution in the presence of minerals changes the surface composition and dissolving properties of 337 
the minerals, pH was kept at 9 which is the optimal pH for the flotation of chalcopyrite [40-42]. 338 
Ore loading was added as another variable to understand its effect on decomposition.  339 
The performance of the setup was evaluated for the CS2 ranging from 0.023 to 0.925 mg. 340 
This is the range found for the CS2 generated from SIBX decomposition. During this range, the 341 
relationship between the actual generated CS2 and the detected CS2 was calculated, as shown by 342 




 Generated (or Originally Added) = 2.06 × Detected + 0.20 345 
----- Eq. 1 346 
 347 
The SIBX decomposition results in Ore #2 pulp under Set 2 flotation conditions in terms 348 
of the CS2 generated and Decomposition% are shown in Table 5. Decomposition % (percentage 349 










× 100%                           352 
----- Eq. 2 353 
where 76 and 172 are the molecular weights (mg/mmol) of CS2 and SIBX, respectively. 354 
 355 
Table 5. CS2 Generated and Decomposition% under flotation conditions Set 2 356 
Initial SIBX 
(mg) 




CS2  Generated (mg) Decomposition% 
Value Error Value Error 
40 0.5 30 0.162 0.0023 0.92 0.0132 
40 1 30 0.263 0.0149 1.49 0.0847 
40 2 30 0.323 0.0146 1.83 0.0829 
100 0.5 30 0.265 0.0029 0.60 0.0067 
100 1 10 0.495 0.0138 1.12 0.0313 
100 1 20 0.409 0.0147 0.93 0.0333 
100 1 30 0.380 0.0065 0.86 0.0147 
100 2 30 0.434 0.0279 0.98 0.0631 
200 1 10 0.848 0.0253 0.96 0.0286 
200 1 20 0.674 0.0414 0.76 0.0469 
200 1 30 0.393 0.0133 0.44 0.0151 
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Different initial SIBX concentration, flotation time and ore loading are combined to 357 
examine SIBX decomposition in the presence of ore. The effect of each variable is analyzed 358 
below in details. 359 
Effect of Flotation Time 360 
The decomposition behavior in terms of the amounts of CS2 generated is plotted as a 361 
function of time in Figure 7.  362 
 363 
 364 
Figure 7. Decomposition as a function of time in Ore #2 pulp under flotation conditions 365 
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While the generation of CS2 follows the first order law in aqueous solutions in the 366 
absence of minerals, different behavior is observed in the presence of minerals as the curves are 367 
not straight anymore. The decomposition behavior is progressively slower, as the slope decreases 368 
with time. Moreover, the CS2 generated from 100mg SIBX is higher than that from 40mg, but 369 
the decomposition% of 100mg SIBX is lower, suggesting that increase in SIBX concentration in 370 
pulp necessarily does not leads to higher decomposition. The presence of ore significantly lowers 371 
SIBX decomposition. 372 
Xanthate decomposition is associated with multiple interactions in aqueous solutions in 373 
the absence of minerals [39]. This decomposition behavior is more complicated in the presence 374 
of minerals, since the multiple interactions should also include those between xanthate and 375 
minerals. Xanthate could interact with minerals in a number of ways and form various 376 
compounds (such as metal xanthate either remaining in solution or adsorbed on mineral surfaces) 377 
that can undergo further decomposition. This can be the reason why a non-linearity is observed 378 
for the generation of CS2, and also exemplify the variability associated with the different 379 
decomposition kinetics of the formed compounds. 380 
The assessment of xanthate decomposition kinetics is challenging due to the wide range 381 
of multiple interactions that occur simultaneously in the ore pulp under flotation conditions. It is 382 
difficult to determine the decomposition kinetics of each compound formed by xanthate and the 383 
minerals. In order to make a comparison of the decomposition kinetics of SIBX in the ore pulp to 384 
that in aqueous solutions, a generic reaction Eq. 3 is to calculate the average rate constant in the 385 




(CH3)2CHCH2OCS2M → CS2                                                                                 388 
----- Eq. 3 389 
 where (𝐶𝐻3)2𝐶𝐻𝐶𝐻2𝑂𝐶𝑆2𝑀 is a general term representing all xanthate compounds that 390 
decompose (such as xanthate in solution, and the adsorbed xanthate on the ore surface). 391 
 392 





= k[(CH3)2CHCH2OCS2M]                           395 
----- Eq. 4 396 
 397 
Eq. 5 shows the rate equation after Eq. 4 is integrated. 398 
ln[(CH3)2CHCH2OCS2M]t = −kt + ln[(CH3)2CHCH2OCS2M]0                        399 
----- Eq. 5 400 
where[(𝐶𝐻3)2𝐶𝐻𝐶𝐻2𝑂𝐶𝑆2𝑀]is the concentration of (𝐶𝐻3)2𝐶𝐻𝐶𝐻2𝑂𝐶𝑆2𝑀 ; k is the 401 
average rate constant; [(𝐶𝐻3)2𝐶𝐻𝐶𝐻2𝑂𝐶𝑆2𝑀]0 and [(𝐶𝐻3)2𝐶𝐻𝐶𝐻2𝑂𝐶𝑆2𝑀]𝑡 are the initial (at 402 




The concentration of (CH3)2CHCH2OCS2M after a certain time can be calculated based 405 
on the CS2 in the gas phase: 406 
 407 
ln[(CH3)2CHCH2OCS2M]t = ln ([(CH3)2CHCH2OCS2M]0 −
172
76
m(CS2)air)     408 
----- Eq. 6   409 
where 𝑚(𝐶𝑆2)𝑎𝑖𝑟 is the amount of CS2 in the gas phase. The CS2 generated partitions 410 
across the ore pulp and air. The partition value of CS2 is difficult to obtain in the complex ore 411 
pulp. Thus, the calculation above only accounts for CS2 that ends up in the gas phase.  412 
 413 
The average rate constant in the ore pulp under flotation conditions based on the CS2 414 
generation is shown in Table 5. The rate constant decreases with time and initial SIBX 415 
concentration. Compared to SIBX decomposition rate constant of 0.128 h
-1
 at 70°C in aqueous 416 
solutions [39], the average rate constant in the ore pulp is at least one order of magnitude smaller. 417 
It implies that the ore and the flotation conditions lower SIBX decomposition and/or preventing 418 
CS2 transferring out of the pulp. 419 
 420 
Table 5. Average rate constant of SIBX decomposition in ore pulp under flotation conditions 421 
Initial SIBX 
(mg) 
Average Rate Constant (h
-1
) 
Time=0h to Time=0.5h Time=0.5h to Time=1h Time=1 to Time=2h 
Value Error Value Error Value Error 
40 0.00923 0.00013 0.00577 0.00086 0.00347 0.00002 
100 0.00601 0.00007 0.00263 0.00009 0.00124 0.00050 
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Effect of Initial SIBX Concentration  422 
Figure 8 shows the effect of initial SIBX concentration on SIBX decomposition in ore 423 
pulp under the flotation conditions.  424 
 425 
 426 
Figure 8. Decomposition as a function of initial SIBX concentration in the Ore #2 pulp under 427 




With increase in initial SIBX concentration, the decomposition increases but the overall 430 
decomposition% is lower. It indicates that with more SIBX in the ore pulp, decomposition still 431 
increases but the proportion of SIBX that decomposes decreases. Our previous study indicates 432 
that the decomposition increases linearly with the SIBX concentration in aqueous solutions in the 433 
absence of minerals [39]. This pattern is not applicable in the presence of the ore. Moreover, the 434 
shaded area in Figure 8 illustrates that with the other parameters kept the same, decomposition 435 
increases by simply decreasing ore loading from 30% (green), 20% (blue) to 10% (red). This 436 
again confirms the stabilizing effect of the ore on SIBX.  437 
Effect of Ore Loading 438 
The effect of ore loading on SIBX decomposition is shown in Figure 9.  439 
With the increase in the ore loading, both decomposition and decomposition% decrease. 440 
The effect of ore loading on decomposition is more significant at higher SIBX concentration than 441 
that at lower SIBX concentration. At 30% ore loading, 100mg and 200mg SIBX have a similar 442 
amount of CS2 generated. Decomposition% decreases from ca. 1% to 0.4% when the ore loading 443 
is increased from 10% to 30% in the system at 200mg SIBX. The effect of ore loading again 444 
indicates the stabilizing effect of the ore on SIBX, and this effect is enhanced with the SIBX 445 





Figure 9. Decomposition as a function of ore loading in Ore #2 pulp under flotation conditions 449 
 450 
Hypothesis for Decomposition in Ore Pulp under Flotation Conditions 451 
The above results indicate that the ore plays an important role in affecting the xanthate 452 
decomposition. The ore stabilizes xanthate so that the decomposition is decreased. This effect of 453 
ore is further enhanced at either longer time (as the decomposition rate constant decreases with 454 
the passage of time) or higher SIBX concentrations (lower proportion of SIBX decomposes with 455 
the increase of SIBX concentrations).  456 
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The complicated xanthate decomposition behavior is dictated by the complex nature of 457 
the ore pulp system under the flotation conditions. Xanthate can get involved in a variety of 458 
interactions in the ore pulp system that can add to the decomposition reaction and change the 459 
overall decomposition behavior. Various physical/chemical/electrochemical interactions along 460 
the decomposition reaction lead to the formation of various compounds of distinct decomposition 461 
properties. The overall decomposition is the result of xanthate and all its derivatives formed in 462 
solution and on the ore surfaces. An illustration is shown in Figure 10 to list several typical 463 
xanthate related compounds formed in the ore pulp. 464 
 465 
 466 
Figure 10. Schematic of proposed decomposition pathways in ore pulp under flotation conditions 467 
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Eq. 8.7 to Eq. 8.12 show the decomposition reactions of the xanthate related compounds. 468 
 469 
𝑋𝑎𝑛𝑓𝑟𝑒𝑒 𝑖𝑜𝑛 → 𝐶𝑆2  , k1 470 
---------- Eq. 8.7 471 
 472 
𝑋𝑎𝑛𝑚𝑒𝑡𝑎𝑙 𝑥𝑎𝑛𝑡ℎ𝑎𝑡𝑒 → 𝐶𝑆2 , k2 473 
---------- Eq. 8.8 474 
 475 
𝑋𝑎𝑛𝑑𝑖𝑥𝑎𝑛𝑡ℎ𝑜𝑔𝑒𝑛 → 2𝐶𝑆2 , k3 476 
---------- Eq. 8.9 477 
 478 
𝑋𝑎𝑛𝑝ℎ𝑦𝑠𝑖𝑐𝑎𝑙𝑙𝑦 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 → 𝐶𝑆2 , k4 479 
---------- Eq. 8.10 480 
 481 
𝑋𝑎𝑛𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙𝑙𝑦 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 → 𝐶𝑆2 , k5 482 




𝑋𝑎𝑛𝑑𝑖𝑥𝑎𝑛𝑡ℎ𝑜𝑔𝑒𝑛 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 → 𝐶𝑆2 , k6 485 
---------- Eq. 8.12 486 
 487 
Where k1, k2, k3, k4 k5 and k6 are the decomposition rate constant of free xanthate ion in 488 
solution, metal xanthate in solution, dixanthogen in solution, metal xanthate physically adsorbed 489 
on sulfide, metal xanthate chemically adsorbed on sulfide and dixanthogen adsorbed on sulfide 490 
respectively; [xanfree ion], [xanmetal xanthate], [xandixanthogen], [xanphysically adsorbed], [xanchemically adsorbed] 491 
and [xandixanthogen adsorbed] are the concentration of these compounds. 492 
 493 
Therefore, Eq. 4 can be expanded to include the compounds listed in Figure 10 to obtain 494 
the overall decomposition rate equation Eq. 13: 495 
 496 
R = k1[xanfree ion] + k2[xanmetal xanthate] + 2k3[xandixanthogen ]
1/2




----- Eq. 13 497 
 498 
Based on Eq. 13, the hypothesis for the effect of ore on xanthate decomposition is that: 1) 499 
k1 decreases in the presence of the ore compared to that in solutions without the ore; 2) k1>Σ[k2, 500 
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k3, k4, k5 and k6], meaning that the decomposition rate of xanthate ion is higher than that of total 501 
decomposition rate of the xanthate derivatives. So when xanthate enters the ore pulp, [xanfree ion] 502 
starts decreasing while [xanmetal xanthate], [xandixanthogen], [xanphysically adsorbed], [xanchemically adsorbed] 503 
and [xandixanthogen adsorbed] begin increasing due to the interactions among xanthate and minerals, 504 
the overall decomposition decreases. Predominance of k1 over other rate constants justifies that 505 
xanthate decomposition in ore pulp shifts to the other pathways which are relatively slower that 506 
k1 and, therefore, the overall decomposition is lower than that in the aqueous solutions. It is 507 
challenging to obtain an estimate of the different reaction rate constants that regulate the overall 508 
xanthate decomposition kinetics as the exact values of k2, k3, k4, k5 and k6 compared to k1 would 509 
depend on the a number of multiple interactions that associate with the complex flotation process. 510 
The decomposition properties of the xanthate derivatives need to be further investigated. 511 
On the other hand, the decomposition products such as CS2 have to transport through the 512 
ore pulp, and they are subjected to the adsorption on the ore surfaces. They can also get trapped 513 
in the suspensions with a slow transport rate because of high viscosity of the ore pulp. This can 514 
lead to the decomposition decrease observed for ore pulps under flotation conditions. This effect 515 
needs to be examined separately. 516 
Conclusions 517 
This paper presents a new method along with the design of an experimental setup that can 518 
simulate the xanthate decomposition behavior in ore pulp under flotation conditions, and collect 519 
the decomposition products. Feasibility of the setup has been evaluated in terms of the efficiency 520 
of collecting CS2 as well as the capability of detecting as low as 1ppm CS2. Application of the 521 
setup in the investigations of xanthate decomposition under various flotation conditions indicates 522 
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the contribution of minerals to complicating the decomposition behavior. Minerals in the ore 523 
pulp lead to the formation of various decomposition compounds with different decomposition 524 
kinetics. Notably, these compounds interfere with the overall decomposition behavior by 525 
introducing multiple decomposition pathways with decomposition rate that are relatively smaller 526 
compared to that of free xanthate. This justifies the lower overall decomposition of xanthate in 527 
flotation pulp conditions. Further studies are sought to understand the decomposition properties 528 
of the each individual compound that xanthate forms with the minerals in the flotation pulp. Such 529 
information will facilitate the development of a decomposition model to predict decomposition 530 
under various flotation conditions. 531 
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Abstract 6 
Mining industry is facing an enormous pressure under the circumstances of increasingly 7 
strict regulations on the problematic reagents used in the operations. Xanthate, a commonly used 8 
collector in the froth flotation beneficiation, has been criticized for its adverse impacts on SHE 9 
(safety, health and environment) due to decomposition. Interactions between xanthate and metal 10 
ions are ubiquitous in the processing operations, and the compounds formed are determinant for 11 
the performance of mineral separation and concentration. These compounds can also contribute 12 
to the overall decomposition if they are capable of decomposing. Therefore, it is necessary to 13 
examine their decomposition behaviors. New method has been developed in this study to enable 14 
a systematic and integrated analysis of compositional changes in gas, supernatant and precipitate 15 
phases of a closed system where the decomposition occurs. It was found that Cu
2+
 depresses 16 
while Fe
3+
 promotes decomposition of xanthate as well as DTC (dithiocarbamate) with different 17 
alkyl chain length. Correlation of compositional change among different phases indicate that the 18 
compounds formed between metal ions and the reagent, such as metal complex and dimer, are 19 
responsible for the different effects of metal ions on decomposition. They are possessed with 20 
different decomposition properties, leading to varying decomposition outcome. Molecular 21 
structures of these compounds are the determinant factor for the different decomposition features, 22 
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and the energy required to break the -CS2 moiety from the molecules is crucial to elucidate the 23 
decomposition mechanism.  24 
Key Words:  25 
Xanthate, DTC (dithiocarbamate), Decomposition, Carbon Disulfide, Carbonyl Sulfide, 26 






















Xanthate is one of the commonly used collectors for sulfide ore beneficiation in the froth 47 
flotation [1-6]. It has been reported to decompose and generate toxic and hazardous compounds 48 
such as CS2 (carbon disulfide) and COS (carbonyl sulfide), which can cause severe concerns to 49 
SHE (Safety, Health and Environment) [1, 2, 7-9]. However, studies on its decomposition are 50 
limited, while research is prosperous in understanding how xanthate interacts with minerals and 51 
how to optimize the separation performance [10-15]. To make it worse, the inadequate studies on 52 
xanthate decomposition are mostly for the idealized conditions, such as in aqueous solutions in 53 
the absence of minerals and metal ions [16-22]. Therefore, it is necessary to understand the 54 
decomposition behavior under processing-related conditions to provide insights for companies to 55 
find mitigation measures for the adverse effects. 56 
Metal ions play a dominant role in the interactions between the minerals and xanthate [3, 57 
12-15, 23, 24]. Through chemical or electrochemical mechanisms, xanthate interacts with 58 
various metal ions to form a number of compounds, which determine the hydrophobicity and 59 
subsequent separation of the minerals [12-14]. Moreover, they can regulate the overall xanthate 60 
decomposition behavior if they decompose as well. In the literature, the effect of metal ions on 61 
xanthate decomposition is cited as “inhibitive” or “catalytic” [1]. Nanjo et al believe the metal 62 
xanthate formed by Pb, Cd or Zn with xanthate is stable, so the decomposition is inhibited upon 63 
forming metal xanthate compounds [25]. The “catalytic” of metal ions in literature, on the other 64 
hand, has nothing to do with breakup of the xanthate molecule. Instead, it is actually relevant to 65 
the transformation of xanthate to other compounds. For example, Cu
2+
 interacts with xanthate by 66 
2Cu2+ + 4X− → 2CuX2 → Cu2X2 + X2 to form cuprous xanthate and dixanthogen [26-30]. Fe
3+
, 67 




→    Fe3+ + X2 + HCO3





 both transform xanthate to other compounds “catalytically”. With 70 
respect to their effect on breaking xanthate molecule, there has not been any research yet.  71 
Metal xanthate can be found either on the mineral surfaces or in the solution depending 72 
whether the metal ion is in the lattice of the mineral or in solution from the dissolution of the 73 
mineral [23, 24, 34]. Dixanthogen can be formed along with metal xanthate or directly from 74 
xanthate dimerization/oxidation [35]. Comprehensive identification of the compounds among 75 
xanthate and metal ions is not yet available, but research has unanimously agreed that metal 76 
xanthate and/or dixanthogen are the two typical compounds formed and essential for rendering 77 
mineral particles hydrophobicity [12-15]. Thus, it is necessary to understand the decomposition 78 
properties of them in order to elucidate xanthate decomposition behavior in a complex system.  79 
The decomposition properties of metal xanthate, such as Cu2X2  and FeX3 , are mostly 80 
unknown. Dixanthogen decomposition has only been preliminarily studied in the literature, and it 81 
is found that in the presence of nucleophiles (e.g., OH
-
), the decomposition products include CS2, 82 
COS, perxanthate, and mono-thiocarbonate at different pH levels [35, 36].  83 
This paper first shows the experimental method (designed with several setups) that has 84 
been developed to evaluate the effect of metal ions on xanthate decomposition by tracking the 85 
compositional changes in all phases as a function of time. An integrated analysis correlating the 86 
generation of decomposition products in the gas phase to the compositional changes in the 87 
supernatant and precipitate phases is then shown to understand the decomposition in the presence 88 
of the metal ions. Lastly, the decomposition of several other reagents has also been assessed in 89 





SIBX (Sodium iso-Butyl Xanthate, (CH2)2CHCH2OCS2Na, solid) with ≥ 99% purity was 93 
obtained from Cytec Industries. PAX (Potassium Amyl Xanthate, CH3CH2CH2CH2CH2OCS2K, 94 
solid) with ≥ 99% purity was obtained from Prospect Chemicals. DEDTC (Sodium Di-ethyl 95 
Dithiocarbamate, (CH3CH2)2NCS2Na, powder) with ≥ 95% purity and DBDTC (Sodium Di-96 
butyl Dithiocarbamate, (CH3CH2CH2CH2)2NCS2Na, 40% solution) were obtained from Flottec, 97 
LLC. Reagent Grade CS2 with ≥ 99.9% purity was purchased from Fisher Scientific. Reagent 98 
Grade HCl and NaOH were obtained from Sigma Aldrich. CuSO4·5H2O and Fe2(SO4)3 were 99 
purchased from MP biomedicals, LLC.  100 
Water used was triple distilled (EC=1.5 μΩ
-1
). Fresh xanthate solutions were prepared 101 
right before each experiment, and discarded after two hours upon its first use. A series of 102 
standard solutions of CS2 with different concentrations in distilled water were prepared to 103 
develop a calibration curve for the estimation of the CS2 generated upon xanthate decomposition.  104 
Method Development 105 
The scheme to assess xanthate decomposition under various conditions (e.g., in aqueous 106 
solutions alone, in ore pulp under flotation conditions or in solutions with metal ions) is shown in 107 





Figure 1. General scheme for measuring decomposition products 111 
 112 
A reactor which accommodates the decomposition reaction can be applied to simulate 113 
various conditions and temporarily accumulate the decomposition products. Effects of various 114 
factors can be examined by modifying the parameters in the reactor. The decomposition products 115 
in different phases can be either directly sent to the instrument for measurement, or they can be 116 
captured by the collection apparatuses and sent for measurement afterwards. The instruments for 117 
measuring the decomposition products in various phases include GC-MS (Gas Chromatography-118 
Mass Spectroscopy), FTIR (Fourier Transformed Infrared) spectroscopy, UV-vis Spectroscopy, 119 
and Raman. 120 
An experimental setup was developed that could simulate flotation conditions and collect 121 
the decomposition products for measurements, based on the scheme in Figure 1 [37]. It is tedious 122 
to use that setup here, since the dynamic conditions (such as aeration and agitation) that are 123 
simulated under the flotation conditions are not necessary to evaluate the effect of metal ions on 124 
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decomposition. Moreover, this setup uses indirect measurement for decomposition products. 125 
Therefore, a simplified setup was developed to examine the effect of the metal ions using direct 126 
measurements more readily. In order to examine the decomposition behavior affected by metal 127 
ions systematically, the compositional changes in all three phase in a closed system are measured. 128 
This allows correlating the generation of decomposition products in the gas phase to the changes 129 
in solution (both supernatant and precipitate). The experimental configuration for this purpose is 130 
shown in Figure 2: GC-MS measures the decomposition products in the gas phase; UV-vis is for 131 
supernatant (or liquid phase of the solution without precipitate or other solids); and FTIR is used 132 
for tracking the formation and compositional changes of the precipitate. With the combination of 133 
the above instruments, the mass balance could be built up for the system under investigation. 134 
 135 
 136 
Figure 2. Experimental configuration for decomposition in solutions containing metal ions 137 
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The configuration in Figure 2 was constructed on each instrument. It can be easily built 138 
on GC-MS and UV-vis, as the former uses glass vial and the latter uses quartz cell. A vial or cell 139 
can be easily sealed once the test solution has been injected into them, and the vial or cell can 140 
then be placed on GC-MS or UV-vis spectrometer for measurement. Different from GC-MS and 141 
UV-vis, the measurement is done on its optical element (e.g., ZnSe or Ge) for HATR (Horizontal 142 
Attenuated Total Reflection)-FTIR. Thus, the configuration needs to be built upon the element, 143 
and this can be done by taking advantage of the chamber which is formed when FTIR cover is 144 
place upon the element. The setup for HATR-FTIR is shown in Figure 3. The chamber can hold 145 
a solution, and an empty space for air and the decomposition products. Moreover, the precipitate 146 
formed settles and attaches to the element on which they can be measured in situ.  147 
 148 
 149 
Figure 3. ATR-FTIR for Measuring the Precipitates Formed in Various Metal/SIBX Systems 150 
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Instruments and Utensils 151 
GC-MS chromatographs were measured by Agilent 6890GC/5973MS with autosampler 152 
HSS 86.50. The column was HP-PLOTQ (30m length, 0.32mm I.D. and 0.20µm film thickness). 153 
Key parameters of GC-MS in its measurements were: split ratio 5:1, injection port temperature 154 
200°C and flow rate constant 1ml/min. UV-vis spectra were measured by Perkin-Elmer Lambda-155 
25 spectrophotometer at the scan speed of 120nm/min and a 1nm slit. HATR-FTIR spectra were 156 
measured in situ using Perkin-Elmer Spectrum 100 FTIR spectrometer equipped with a broad 157 
band detector called MCT (Mercury Cadmium Telluride). The measurements were done in the 158 
horizontal attenuated total reflection geometry. The spectra were collected at 200-400 scans and 159 
a resolution of 4cm
-1
. The angle of incidence was 45° and a total of 10 internal reflections were 160 
conducted.  161 
GC-MS used 20ml glass vials that can be crimped with an aluminum cap lined with a 162 
silicone septum. A Teflon film is deposited at the bottom of septum facing inside the vial. UV-163 
vis spectrometer used a quartz cell which has an inner volume of 4ml after sealed by a Teflon cap. 164 
HATR-FTIR used a ZnSe or Germanium IRE (Internal Reflection Element) imbedded in a metal 165 
base. When a metal cap is placed above IRE, a chamber of approximately 4ml can be formed. 166 
Experimental Programs 167 
 The effects of the type of metal ions, Metal Ion/SIBX ratio, pH, and temperature were 168 
examined. The general procedure follows: 1) prepare the stock solutions of SIBX and metal salt 169 
(CuSO4·5H2O or Fe2(SO4)3); 2) add certain amounts of the stock solution of metal salt and triple 170 
distilled water into the glass vial, quartz cell or onto IRE before injecting certain amount of stock 171 
solution of SIBX, and immediately seal the vial, cell or IRE; 3) measure the chromatographs or 172 
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spectra as a function of time using GC-MS, UV-vis or HATR-FITR. GC-MS extracts gas sample 173 
for measurement that will affect the ongoing decomposition reaction in the vial, while UV-vis 174 
and HATR-FTIR are non-intrusive techniques. Thus, each vial is for one GC-MS measurement 175 
only and a new vial is prepared for a new measurement. HATR-FTIR has three additional steps 176 
before the above general procedure: 1) add triple distilled water on the element to take the 177 
spectrum for “background”; 2) clean the element and add fresh SIBX solution to take the 178 
standard spectrum for SIBX; 3) clean the element three times and take the spectrum for 179 
remaining SIBX on the element. These precaution steps allow the identification of the bands 180 
from SIBX itself on the element and the compounds formed between SIBX and the metal ions. 181 
The concentration of SIBX used on each instrument (which provides a satisfactory detection 182 
performance) and preparation details (such as the concentration of the stock solutions and the 183 
amounts that are added) are shown in Table 1 and 2. 184 
 185 

























added to Vial 
(ml) 
Amount added 
to Vial (ml) 
GC-MS 
1/2 
0.1 22.2 222 0.00646 
0.25 9.75 
1/1 0.5 9.5 
2/1 1 9 
UV-vis 
1/2 
0.004 22.2 44.4 0.000323 
0.2 1.8 
1/1 0.4 1.6 




0.1 230 11500 0.00364 
0.45 1.55 
1/1 0.89 1.11 
2/1 1.77 0.23 
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added to Vial 
(ml) 
Amount added 
to Vial (ml) 
GC-MS 
1/6 
0.1 22.2 222 0.00172 
0.25 9.75 
1/3 0.5 9.5 
2/3 1 9 
UV-vis 
1/6 
0.004 22.2 44.4 0.000086 
0.2 1.8 
1/3 0.4 1.6 




0.05 230 5750 0.00488 
0.45 1.55 
1/3 0.89 1.11 
2/3 1.77 0.23 
 188 
Temperature was controlled at room temperature (25°C). pH of the above solutions was 189 
measured as a function of time. Several selected solutions were modified with pH (to pH 9) or 190 
temperature (to 70°C) to examine their effects on decomposition. 191 
 Three more reagents (PAX, DEDTC and DBDTC) were examined in solutions containing 192 
metal ions to verify the results obtained for SIBX with the metal ions. Similar procedure to that 193 












Reagent Stock Solution 
















added to Vial 
(ml) 
Amount 




0.1 22.2 222 0.0055 
0.25 9.75 
1/1 0.5 9.5 
2/1 1 9 
Fe/PAX 
1/6 
0.1 22.2 222 0.00146 
0.25 9.75 
1/3 0.5 9.5 
2/3 1 9 
Cu/DEDTC 
1/2 
0.1 22.2 222 0.00642 
0.25 9.75 
1/1 0.5 9.5 
2/1 1 9 
Fe/DEDTC 
1/6 
0.1 22.2 222 0.00171 
0.25 9.75 
1/3 0.5 9.5 
2/3 1 9 
Cu/DBDTC 
1/2 
0.1 22.2 222 0.00489 
0.25 9.75 
1/1 0.5 9.5 
2/1 1 9 
Fe/DBDTC 
1/6 
0.1 22.2 222 0.00130 
0.25 9.75 
1/3 0.5 9.5 
2/3 1 9 
 200 
Results and Discussions 201 
The compositional changes in the gas, supernatant and precipitate phases due to the SIBX 202 
decomposition examined by GC-MS, UV-vis and HATR-FTIR are shown in individual sections 203 
below. The effects of the type of metal ion, Metal Ion/SIBX ratio, pH and temperature on SIBX 204 
decomposition are analyzed. Meanwhile the effect of metal ion on other reagents (PAX, DEDTC 205 
and DBDTC) is presented in the end to evaluate the conclusions drawn for SIBX. 206 
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Decomposition of SIBX in Solutions Containing Metal Ions 207 
Decomposition Products in the Gas Phase 208 
The change of CS2 in the gas phase due to SIBX decomposition at room temperature (ca. 209 




 is shown in Figure 4 and 5, respectively. From Figure 4, it 210 
can be seen that SIBX decomposition in the presence of Cu
2+
 is generally lower than that in the 211 
absence (except that at Cu/SIBX=1/2 in the initial 20min). Moreover, the higher the ratio of 212 
Cu/SIBX, the lower CS2 is found in the gas phase. From Figure 5, it can be seen that SIBX 213 
decomposition in the presence of Fe
3+
 is higher than that in the absence. The higher the ratio of 214 
Fe/SIBX, the higher CS2 is in the gas phase. Such results suggest that Cu
2+
 has a depressing 215 
effect while Fe
3+
 has a promoting effect on SIBX decomposition.  216 
 217 
 218 




Figure 5. Fe/SIBX System: Decomposition Products in the Gas Phase at 25°C 221 
 222 
Under both systems, CS2 increases with time, but the increasing rate decreases as the 223 
curves start to reach plateau. This is different from the decomposition in solutions in the absence 224 





 complicates SIBX decomposition need to be elucidated by finding out what 226 
occurs in the solution phase (both supernatant and precipitate). 227 
SIBX Decomposition in the presence of Cu
2+
 is similar to that under other conditions 228 
(e.g., in aqueous solutions alone or in ore pulp under the flotation conditions), CS2 is the major 229 
decomposition product that can be affirmatively detected. Fe
3+
, on the other hand, leads to the 230 
much higher generation of COS in the gas phase.  231 
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Figure 6 shows the generation of COS from SIBX decomposition in the presence of Fe
3+
 232 
normalized by that under control condition (i.e., in the absence of other components). It can be 233 
seen that Fe
3+
 increases the COS generation to two orders of magnitude higher than that under 234 
control. The mechanism of how Fe
3+
 leads to the much higher COS might be related to the 235 
oxidative effect of Fe
3+
. The oxidative effect of Fe
3+








Compositional Change in the Supernatant Phase 242 
The supernatant of the solutions where SIBX and the metal ions are mixed was examined 243 
to see whether it contributes to the compositional changes in the gas phase shown in the previous 244 




 solutions are shown in Figure 7. SIBX 245 




 solutions do not 246 
have obvious bands except the spectra are higher at higher concentrations. The bands for the 247 
possible compounds formed from the interactions between SIBX and metal ions are 206.5nm for 248 
CS2, 225nm for COS, 270.5nm for xanthic acid, 241 and 286nm for dixanthogen, and 410nm for 249 
Cu2X2 [1, 26-30]. 250 
The UV-vis spectra taken for the supernatant of Cu/SIBX solutions at different Cu/SIBX 251 
ratios and Fe/SIBX solutions at different Fe/SIBX ratios are shown in Figure 8 and 9, receptively. 252 
When Cu
2+
 is mixed with SIBX, SIBX bands become extremely low and disappear with time. 253 
No other compounds can be determined in the supernatant of the Cu/SIBX solutions, either. The 254 
CS2 observed in the gas phase of Cu/SIBX system is believed to have little relationship with the 255 
supernatant, so it is the precipitate that determines the SIBX decomposition behavior in the Cu
2+ 256 
solutions. Different from Cu/SIBX system where no significant SIBX or its relevant derivatives 257 
can be found, Fe/SIBX systems have SIBX (301 and 226nm) and CS2 (206.5nm) present at all 258 
Fe/SIBX ratios. SIBX decreases gradually with time, and disappears completely at Fe/SIBX=2/3 259 
after 30min. CS2 increases with time, indicating CS2 is being generated rigorous from the 260 
decomposition in solution. The decreased SIBX is believed to interact with Fe
3+
 and end up in 261 
the precipitate. The higher Fe/SIBX ratio, the faster SIBX goes into the precipitate. For Fe/SIBX 262 
system, the supernatant is regarded responsible for the decomposition behavior found in the gas 263 






















Figure 9. Fe/SIBX System: Compositional Change in the Supernatant Phase 276 
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Compositional Change in the Precipitate Phase 277 
The HATR-FTIR spectra of the precipitate in Cu/SIBX systems and Fe/SIBX systems are 278 
shown in Figure 10 and 11, respectively, as a function of time at different Metal Ion/SIBX ratios. 279 
SIBX spectrum on the FTIR element is shown as reference in these figures as well. Spectra are 280 
for different Metal Ion/SIBX ratios at different intervals up to 30 min, and selectively shown in 281 
the figures. 282 
 283 
 284 








(b) Spectra from 1070 to 1010cm
-1
 289 
Figure 11. Fe/SIBX System: Compositional Change in the Precipitate Phase 290 
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From Figure 10, it can be seen that the bands belonging to SIBX disappears upon mixing 291 
with Cu
2+
, suggesting that SIBX and Cu
2+
 interact to form new compounds. Previous studies in 292 
the literature suggest that Cu2X2 and X2 are formed via the reaction Eq. 1 [26-30]: 293 
 294 
2Cu2+ + 4X− → Cu2X2 + X2                                                                                295 
----- Eq. 1 296 
 297 
These two compounds are shown on the spectra as Cu2X2 (1201 and 1032cm
-1
) and X2 298 
(1265 and 1043cm
-1
) at all Cu/SIBX ratios. From the spectra, it can be seen that Cu2X2 and X2 299 
are generally lower at lower Cu/SIBX ratio than that at higher Cu/SIBX ratio. With time, the 300 
bands of both Cu2X2 and X2 increase at lower Cu/SIBX ratio, but do not change much at higher 301 
Cu/SIBX ratio. This can be better illustrated quantitatively by comparing the peak areas of 302 
Cu2X2 and X2. Figure 12 illustrates the peak areas of Cu2X2 and X2 normalized by that of SIBX. 303 
Since the vas(SCS) peak of Cu2X2 overlaps with that of X2, so their vas(COC) peaks are used 304 
instead. It can be seen from Figure 12 that with the increase of Cu/SIBX ratio, both Cu2X2 and 305 
X2 decrease; and at higher Cu/SIBX ratio, Cu2X2 and X2 do not change much as a function of 306 
time. These two points reveals certain relationship between Cu2X2/X2 and CS2 (as shown in 307 
Figure 4 and 12): with the increase of Cu/SIBX ratio, the generation of CS2 decreases in the gas 308 
phase while Cu2X2 and X2 decrease in the precipitate; with time, both Cu2X2 and X2 gradually 309 
become constant, the slope of CS2 generation curves also decreases at the same time. Therefore, 310 









From Figure 11, two compounds FeX3 (1231 and 1050 cm
-1
) and X2 (1256 and 1028 cm
-1
) 316 
are determined based on the C-O-C and S-C-S band assignments. From literature, Fe
3+
 interacts 317 
with SIBX and form FeX3, which however does not decompose into FeX2 and X2. FeX2 only 318 
exists under strict conditions (e.g., high concentrations of xanthate; and/or neutral and reducing 319 
conditions) [31-33]. This is different from Cu
2+
 interacting with SIBX as Eq.1 shows. X2 can be 320 
formed from FeX3 via the following reaction: 321 
 322 
 2FeX3 + 3H2O +
3
2
O2 + 6CO2 → 3X2 + 2Fe
3+ + 6HCO3
−                                  323 
 ----- Eq. 2 324 
 325 
The overall intensity of the spectra of Fe/SIBX system increases with the Fe/SIBX ratio, 326 
unlike Cu
2+
 of which IR intensity decreases with the Cu/SIBX ratio. Difference can be found at 327 
different Fe/SIBX ratios: when Fe/SIBX=1/6, the bands for FeX3 and X2 both increase with time; 328 
but at Fe/SIBX=1/3, FeX3 and X2 both increase in the first 20min, then FeX3 decreases while X2 329 
keeps increasing; at Fe/SIBX=2/3, the time that FeX3 start to decrease while X2 keeps increasing 330 
is shifted to even earlier to 11min. Similarly to the Cu/SIBX, this can be analyzed quantitatively. 331 
Since both peaks of FeX3 and X2 overlap, the peak area can not be determined. Therefore, the 332 
peak height is used instead of peak area to approximately compare the quantities of these two 333 
compounds. Figure 13 shows the vas(SCS) band height of FeX3 and X2 normalized by that of 334 
SIBX. Both FeX3 and X2 are higher at higher Fe/SIBX ratio than that at the lower ratio. While X2 335 









The characterization of the compositional changes in difference phases of the Fe/SIBX 341 
system at different Fe/SIBX ratios as a function of time indicates that: 1) SIBX decomposition 342 
increases (as CS2 and COS increase in the gas phase) with the Fe/SIBX ratio; 2) in supernatant, 343 
the higher the Fe/SIBX ratio, the faster SIBX decreases from the supernatant; 3) in precipitate, 344 
both FeX3 and X2 increase with Fe/SIBX ratio, but with time X2 keeps increasing while FeX3 345 
increases initially and then decreases. 346 
Decreased SIBX from the supernatant goes to interact with Fe
3+
 and form FeX3 and X2 in 347 
the precipitate. The higher the Fe/SIBX ratio, the faster SIBX decreases from solution and ends 348 
up in the precipitate. That is the reason why higher FeX3 and X2 are observed with the increasing 349 
Fe/SIBX ratio. The increase of decomposition products of CS2 and COS in the gas phase comes 350 
from the decomposition of FeX3 and X2 formed in the precipitate: with the increasing Fe/SIBX 351 
ratio, higher FeX3 and X2 lead to the higher CS2 and COS. Since X2 keeps increasing but FeX3 352 
decreases after certain amount of time, the rate of generating CS2 and COS decreases. 353 
Effect of Temperature on SIBX Decomposition in Solutions Containing Metal Ions 354 
SIBX decomposition in the Cu/SIBX and Fe/SIBX systems at 70°C are shown in Figure 355 
14 and 15. The result is shown as the decomposition product (CS2 or COS) in the presence of 356 
metal ion normalized to that in the absence of metal ion at that temperature. It shows how much 357 
the metal ion depresses or promotes the generation of a decomposition product when temperature 358 
changes.  359 
In the case of Cu
2+
, the normalized CS2 at 70°C is still smaller than 1, meaning that Cu
2+
 360 
depresses the decomposition. Moreover, all the curves at different Cu/SIBX ratios at 70°C keep 361 





on CS2 generation is enhanced at 70°C than 25°C. Different from SIBX decomposition in the 363 
presence of Cu
2+
 at 25°C, COS at 70°C becomes prominent. From Figure 14, it can be seen that 364 
at 70°C the normalized COS is higher than 1 and increases with the Cu/SIBX ratio, meaning that 365 
COS is promoted by Cu
2+
.  366 
In the case of Fe
3+
, although the normalized CS2 at 70°C is much lower than that at 25°C, 367 
it is still higher than 1, meaning that Fe
3+
 still promotes SIBX decomposition at 70°C. On the 368 
other hand, normalized COS at 70°C is much higher than that at 25°C, suggesting the promoting 369 
effect of Fe
3+
 on COS generation is enhanced at the higher temperature. Moreover, there is also a 370 
third compound SO2 at 70°C. SO2 does not appear right away as CS2 and COS. The higher the 371 
Fe/SIBX ratio, the earlier SO2 is detected: 20 min at Fe/SIBX=1/6; 11 min at Fe/SIBX=1/3; and 372 
8 min at Fe/SIBX=2/3. In Figure 15 (c) SO2 is normalized by the amount of SO2 generated at 373 
Fe/SIBX=1/6 and 20min. It can be seen that SO2 increases with the Fe/SIBX ratio, implying that 374 
Fe
3+
 has promoting effect on the generation of SO2. The generation of SO2 might come from the 375 
disappearance of CS2 and/or COS, due to the strong oxidation by Fe
3+
 at 70°C.  376 
Therefore, the increase of temperature enhances the depressing effect of Cu
2+
 on the CS2 377 
generation. However, it is not yet plausible to claim that the promoting effect of Fe
3+
 on the CS2 378 
generation becomes weaker at higher temperature, as the oxidative effect of Fe
3+
 transforms CS2 379 




(a) Normalized CS2  382 
 383 
(b) Normalized COS  384 




(a) Normalized CS2  387 
 388 




(c) Normalized SO2  391 
Figure 15. Fe/SIBX System: Comparison of Decomposition at 25 and 70°C 392 
 393 
Effect of pH on SIBX Decomposition 394 
In previous sections pH of the solutions is left as it is, and the natural pH of the solutions 395 
with different Metal Ion/SIBX ratios as a function of time is shown in Figure 16 and 17.   396 
From Figure 16, it can be seen that the Cu/SIBX solutions are slightly acidic: the higher 397 
Cu/SIBX ratio, the lower pH is. Generally, pH of the Cu/SIBX solutions at each Cu/SIBX ratio 398 
does not change much within the measured time span. From Figure 17, it can be seen that the 399 
Fe/SIBX solutions change from slightly acidic to strongly acidic with the increase of Fe/SIBX 400 




Figure 16. pH of the Cu/SIBX System at Various Cu/SIBX Ratios 403 
 404 




Alkaline pH is in favor of the flotation of chalcopyrite or other copper bearing minerals 407 
[23, 24, 34]. Therefore, SIBX decomposition was also evaluated at that pH to see whether the 408 
correlation between those compounds formed in the precipitate and decomposition products in 409 
the gas phase still applied for the Cu/SIBX and Fe/SIBX systems when pH changes. 410 
Figure 18 and 19 are the compositional changes in the gas and precipitate of the Cu/SIBX 411 
system at Cu/SIBX ratio of 1/2 at pH 9 and natural pH (between 6.2 and 6.4). The comparison 412 
indicates that decomposition into CS2 is lower at pH 9 than that at natural pH. Meanwhile, Cu2X2 413 
and X2 are both higher at natural pH than that at pH 9. Cu2X2 and X2 in the precipitate are again 414 
proved to be determinant for the generation of CS2 in the gas phase. 415 
 416 
 417 




Figure 19. Cu/SIBX System: Compositional Change in the Precipitate Phase at Different pH 420 
For the Fe/SIBX system at Fe/SIBX ratio of 1/6 at pH 9 and natural pH (between 3.0 and 421 
6.5), the compositional change in the supernatant phase at pH 9 is similar to that at natural pH 422 
(shown in Figure 9) in terms of SIBX bands decreasing gradually with time. Decomposition in 423 
the gas phase is, thus, the result of the compounds formed in the precipitate from SIBX in the 424 
supernatant. Figure 20 and 21 are the compositional changes in the gas and precipitate of the 425 
Fe/SIBX system at Fe/SIBX ratio of 1/6 at pH 9 and natural pH (between 3.0 and 6.5). The 426 
comparison indicates that SIBX decomposition into CS2 and COS is lower at pH 9 than that at 427 
natural pH. Meanwhile, FeX3 and X2 are both lower at pH 9 than that at natural pH. Therefore, it 428 
is again confirmed that FeX3 and X2 in the precipitate determine the generation of CS2 and COS 429 




Figure 20. Fe/SIBX System: Decomposition Products in the Gas Phase at Different pH 432 
 433 
Figure 21. Fe/SIBX System: Compositional Change in the Precipitate Phase at Different pH 434 
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 on SIBX Decomposition 435 
Cu
2+
 depresses while Fe
3+
 promotes SIBX decomposition. As temperature increases, the 436 
depressing effect of Cu
2+
 on SIBX decomposition is enhanced, while the promoting effect of 437 
Fe
3+
 becomes complicated due to the oxidative effect of Fe
3+
 which leads to the oxidation of the 438 
decomposition products (such as CS2) into others (such as SO2). CS2 generation kinetics in the 439 




 does not follow the first order law, which is a typical feature of 440 
the SIBX decomposition alone in aqueous solutions. Decomposition kinetics in the presence of 441 
the metal ions becomes complex, suggesting that compounds other than SIBX are contributing to 442 
the overall decomposition behavior as well. Thus, it is necessary to identify these compounds. 443 




, the change of the decomposition compounds found in 444 
the gas phase are mainly the consequence of the compounds formed in the precipitate phase. The 445 
supernatant of the solution containing Cu
2+
 does not contribute to the decomposition, validated 446 
simply by the fact that no compounds can be found in the supernatant. Although the supernatant 447 
of Fe
3+
 solution has SIBX remained and decreased gradually with time, it is not the determinant 448 
factor for the nonlinear change of decomposition observed in the gas phase. In the precipitate, 449 
compounds such as metal xanthate and dixanthogen are found and their changes correlate with 450 
the CS2/COS generation in the gas phase: with the increase of Cu/SIBX ratio, decrease of CS2 is 451 
accompanied by the decrease of Cu2X2 and X2; with the increase of Fe/SIBX ratio, increases of 452 
CS2 and COS are accompanied by the increase of FeX3 and X2. This correlation applies with the 453 
pH change (when pH increases from natural pH to 9), CS2 decreases while Cu2X2 and X2 also 454 
decrease in the case of Cu
2+
; and CS2 and COS decrease while FeX3 and X2 also decrease in the 455 
case of Fe
3+
. Therefore, Cu2X2 FeX3, and X2 determine the overall decomposition behavior when 456 




 ions. 457 
308 
 
Decomposition of PAX, DEDTC and DBDTC in Solutions Containing Metal Ions 458 




 were also examined on another xanthate with longer alkyl 459 
chain, PAX. In the meanwhile, DTC (both DEDTC and DBDTC) which has a slight difference in 460 
the molecular structure from xanthate shown in Figure 22 was also under investigation. The CS2 461 




 are shown in 462 
Figure 23 and 24, respectively.  463 
 464 
Figure 22. Molecular structures of xanthate and dithiocarbamate (DTC) 465 
 466 




(b) Cu/DEDTC System 469 
 470 
(c) Cu/DBDTC System 471 




(a) Fe/PAX System 474 
 475 




(c) Fe/DBDTC System 478 
Figure 24. Decomposition of PAX, DEDTC and DBDTC in Fe
3+
 Solutions 479 
 480 
CS2 is the common decomposition product from xanthate and DTC [38-42]. Therefore, it 481 
is used to compare the decomposition behavior of these reagents. The comparison of xanthate 482 
and DTC indicates that decomposition of xanthate stronger than that of DTC. Difference in the 483 
molecular structure shown in Figure 22 gives the hint that the -O in the xanthate has a lower 484 
affinity than N- in the DTC towards the -CS2 moiety, suggesting that α-carbon of the alkyl chain 485 
attracts the -O in xanthate more than the -N in DTC. Longer alkyl chain leads to the lower the 486 
decomposition of xanthate or DTC, suggesting that the attraction of α-carbon of the alkyl chain 487 
to the -O in xanthate and -N in DTC increases with the alkyl chain length. 488 
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The CS2 generation exhibits the similarities for both xanthate and DTC: 1) decomposition 489 
is lower in the presence than that in the absence of Cu
2+
, and is higher in the presence than that in 490 
the absence of Fe
3+
; and 2) decomposition decreases with the increase in Cu/Reagent ratio, and 491 
increases with the increase in Fe/Reagent ratio. These features again verify the depressing effect 492 
of Cu
2+
 and the promoting effect of Fe
3+
 on the decomposition. Upon interacting with Cu
2+
 or 493 
Fe
3+
, the reagent (either xanthate or DTC) generate compounds such as metal complex and dimer. 494 
The molecular structures of cuprous xanthate and cuprous DTC are shown in Figure 25, ferric 495 
xanthate and ferric DTC in Figure 26, and dixanthogen and di-DTC in Figure 27. Compared to 496 
the reagent anion, it can be seen that the -CS2 moiety is locked inside the cupric complex so that 497 
it becomes difficult for the -CS2 moiety to break up from the molecule. On the contrary, in ferric 498 
complex a ferric ion is attached to three xanthate or DTC molecules through ionic bonding, so 499 
the affinity of -CS2 moiety in the complex becomes weaker compared to the reagent anion or 500 
cupric complex. The -CS2 moiety in the dimer structure is slightly more difficult to break 501 
compared to that of the reagent anion by comparing their structures. The order of decomposition 502 
tendency follows: FeX3 > SIBX > X2 > Cu2X2 (or FeDTC3 > DTC > DTC2 > Cu2DTC2). This 503 
explains why decomposition of xanthate or DTC decreases in the presence of Cu
2+
 and increases 504 









Figure 26. Molecular structures of FeX3 and FeDTC3 510 
 511 
 512 
Figure 27. Molecular structures of X2 and DTC2 513 
 514 
The different binding sites for the -CS2 moiety in the molecular structures of xanthate and 515 
DTC leads to the difference in their tendency towards decomposition. Similarly, the formed 516 
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compounds, the cupric complex (such as cuprous xanthate and cuprous DTC), ferric complex 517 
(such as ferric xanthate and ferric DTC) and dimer of the reagent (such as dixanthogen and di-518 
DTC), have the -CS2 moiety bonded differently in their structures, leading to the difference in 519 
the outcome of decomposition. The binding energy among α-carbon of the alkyl chain, -O and -520 
CS2 in xanthate (and α-carbon of the alkyl chain, -N and -CS2 in DTC) in the presence and 521 
absence of metal ions is crucial in elucidating the above difference in decomposition. To further 522 
understand the decomposition pathways and kinetics, measuring the binding energy among the 523 
various moieties of the molecule becomes necessary. 524 
Conclusions 525 
The decomposition behavior of xanthate and DTC (dithiocarbamate) with different alkyl 526 
chain length in solutions containing metal ions indicates: the compounds formed by metal ions 527 
interacting with these reagents not only regulate the hydrophobicity of the mineral particles, but 528 
are found in this study to determine the overall decomposition of the reagents as well. Different 529 
metal ions form compounds with different decomposition tendencies, leading to depression or 530 
promotion of decomposition compared to the reagent itself. Cu
2+
 depresses while Fe
3+
 promotes 531 
the decomposition of xanthate and DTC, irrespective of pH and temperature. Structure difference 532 
among the compounds formed by the reagent and metal ion is responsible for the difference in 533 
decomposition. The order of the compounds inclined towards decomposition is: ferric complex > 534 





 on decomposition. Further investigation is desired to measure the energy required 536 
to break the -CS2 moiety from the molecule to quantitatively determine the decomposition 537 
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